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POLYMERS IN SHIP MACHINE BUILDING

[Bakhareva, V. Ye., I. A. Kontorovskaya, and L. V. Petrova, Polimery v sudovom
machinostrovenii, Sudostroyeniye Publishing House, 1975, pp. 1-237; Russian]

INTRODUCTTION

The Directives of the 24th Congress of the CPSU place primary emphasis on
the development of the production and application of polymeric materials in the
national economy. This is due to the fact that along with metals, polymeric
materials have become one of the basic construction materials, without which
further progress in technology and improvement in the standard of living of
society are unchinkable.

Polymeric materials have low density, high resistance tc corrosive media,
nonmagnetic properties, low coefficient of friction and high resistance to wear,
workability, etc.

N

“"%he use of polymeric materials in ship machine building permits the success-
ful solution of such important problems as reducing the mass, increasing the tra-
veling speeds, improving service life and reliability, economizing scarce non-
ferrous metals, raising labor productivity, and reducing labor intensity and
operating costs. The volume of production and consumption of polymeric mater-
ials is increasing each year. While in 1940 the world production of polymeric
materials was only 200,000 tons, bty 1970)their production had reached 25.0
million toms, i.e., increased 125-fold. ‘JAlong with the increase in the volume
of production of polymeric materials, their assortment expands each year., Thus,
while the first plastic, celluloid, was synthesized in 1869, one hundred years
later over a thousand brands of polymeric materials were in existence.<»The
polymeric materials known at the present time possess a wide range of properties
and belong to different categories of compounds, from polyclefins (polyethvlene,
etc.) to polyorganosiliccelemental compounds (polyboroorzanosiloxanes, polvtitano-
organosiloxanes, etc.).

. In ship machine building, polymeric materials are used in the manufacture of
ship propellers, parts of various mechanisms and devices, sliding bearings, seals,
as anticorrosion coatings, etc..

In the Soviet Union, the first screw propellers of taxtolite (resin-imoreg-
nated fabric laminate) and sheet-steel-reinforced textolite, 0.42 m and 0.63 m
in diameter, were made back in 1938 under the supervision of Prof. B. A. Arkhan-
gel'skiy. However, tests of these propellers showed that the textolite did not
possess the necessary properties and did not make for reliable propellars.

After World War II, the advent of new high-strength plastics started inten-
sive studies aimed at applying plastics to the manufacture of screw propellers.

Abroad, plastic screw propellers are produced in Denmark, England, Holland,
FRG, Japan, and the USA. Abread, propellers up to 2 m in diameter are made
from polvcarbonates, glass-reinforced polyformaldenyde, ABC plastics, avloa,
ulitramide, and polvpropylene.

*
Numbers in the right marzin indicate pagination in the original text.
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In the USA, lexan polycarbonate is used in che production of 12 standard sizes
of propellers. The propeller production amounts to over 150,000 items per vear.
The cost of lexan propellers is much lower than that of metal cnes.

Screw propellers are very difficult to standardize, making it necessary to
work out specific methods of manufacture excluding the use of complex and expensive
equipment. Thus, to reduce the costs of production, the Dutch companies Lips and
Bayer have developed a method of centrifugal casting of articles with a mass up to
200 kg from thermoplasts. This method was used for casting nylon propellers
with a diameter of 1.7 m and a mass of 180 kg, and detachable blades for controllable-
pitch propellers 4 m in diameter.

To overcome these difficulties, the West German company Basf has proposed
ultramide (the Soviet analog of which is caprolon), which is processed into
articles by free casting in ovpen molds in the production of propellers.

Thermoplastic propellers are workable in fabrication and have a small mass
and high damping properties. However, their scope of application is limited to
small-load propellers for low-speed ships because of the relatively low strength
and rigidity of thermoplastics (tensile strength, 7.0 kgf/mm?; normal elasticity
modulus, 7 x 107 kgf/mm?).

At the present time, the strongest synthetic construction materials are
polymers reinforced with glass fibers, i. e., fiber glass plastics. Work aimed
at the development of plastics reinforced with carbon fibers, boron fibers and
high-strength organic fibers has been conducted in the last few years.

In 1961 in the USSR, propellers were made from fiber glass plastics by the
methods of hot pressing and contact and vacuum molding in diameters of 0.3 to
6 2.7 2, 37 it the present time, plastic propellers are well established and
are being successfully operated on over 200 ships. Soviet plastic propellers
have been demonstrated at internactional expositions in Moscow, Montreal and Rostock.

In Japan, fiber glass plastic propellers are made by contact moiding. By

1966, over 300 propellers from 0.3 to 1.9 m in diameter had been installed on e
ships of the fishing and cargo-passenger fleet. Zxperience in the cperation of i

these propellers proved successful.’” It was found that the useful life of

fiber glass plastic propellers during navigation in shallow-water Japanese rivers

and rivers full of rapids is equivalent to that of bronze propellers, i. e., three

-

years. A substantial reduction in the wear of stern bearings and a decrease in WA

vibration were observed during the operaticn, this being particulariy important we

for passenger ships. P — gO B
Polymeric materials are used in foreign shipbuilding in the fabrication of {‘-‘QI-— %

fittings. Heat-resistant polymers such as polyformaldehyde, ABC plastics, or

polysulfones®® are usually employed for this purpese. BIST!

A positive effect was obtained by using metallized and fiber glass reirforced
thermoplastics. For example, fittings made of thermoplasts with a chromium
coating were found to be useful on series-produced superships built by the Japanese
firm Hicachi and Finnish timber carriers.

Polymeric materials are also used in the manufacture of pipes, since thev

S

considerably increase the useful life of pipelines. Soviet industry has mastered
the production of pipes from low and high demsity polvethylene. The first plastic
pipes were made in 1962 and installed cn the VOLGODON motorship.
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The low friction coefficient and low wear of polymers, the possibility of
operation without lubricants, resistance to corrosive media, and absence of
corrosive action on metals permit the use of polymers in the production of slid-
ing surface bearings of ship shaftings, steering gear, machines and mechanisms. {7
Fluorocarbon plastics, nylon, laminates, polyacetyl resins, polyformaldehyde
and polyamides have found application as antifriction materials.

The mechanical and antifriction qualities of these materials are considerably
improved by introducing glass fiber, graphite, molybdenum disulfide, nonferrous
metal powders and other additives. The Polymer Corporation (USA), for example,
makes a special antifriction material, "anylon-trom," consisting of nylon 66 with
an addition of 30% chopped glass fiber and 3% molybdenum disulfide.’® Thanks to
these additions, the composition obtained has higher heat resistance and stability
to hydrolysis than the pure polymer, lower creep under lcad, and lower friction
coefficient. Materials filled with additives make it possible to increase the
work loads by a factor of 1.5-2.

As a rule, the bearings are made only from filled materials, which can be
produced in a fairly wide assortment.

Special metal-plastic materials consisting of a steel base with porous tin
bronze impregnated with fluorocarbon plastic and applied on the steel base nave
been developed for parts operating under heaviest-duty conditions. Bearings of
this material have high resistance to wear and corrosive media, high thermal
conductivity, and small thermal expansion, so that they can be used over a wide
temperature range, from -200 to 300°C, and at high specific pressures, and also
without lubricants. The wear of these bearings is 5-7 times less than that of oil-
lubricated bronze bearings.

In the last few vears, extensive studies have teen conducted by the Scviet
industry on the use of polymeric materials such as polyamides, fluoroplastics and
polyethylene for the fabrication of bearings; the greatest success was achieved
by using caprolon.

The piping of hydraulic and pneumatic systems is sealed with many seals whose
role in these systems is extremely important. The pressure, speeds and tempera-
tures of the media as well as the service 1ife and reliability of operation of the
actuating mechanisms are lagely determined by the state of the seals.

At the present time, rubber is widely used in the maanufacture of seals. How-
ever, in many mechanisms and devices, rubber cannot meet the stated requirements.
In the USA, England, FRG and many other countries, the specific volume of rubber
use is being syvstematically reduced, while the manufacture of seals of peclymeric
materials correspondingly increases. Polyurethanes, fluorocarbon plastics filled
with glass fiber, metal and silicate powders, and glass-filled nylon and polyformalde-
hyde have been used in the fabrication of seals.

The use of polymeric coatings is required for protection of metal products
used in contact with seawater. The use of polymeric coatings makes it possible
to replace nonferrous metals, extend the service life, and improve the performance
characteristics.

In many cases, when paint and varnish coacings are replaced by polymeric ones,
the useful life of the parts increases owing to the characteristics of the
technology of applicacion of the coatings and structural and phvsicomechanical




properties of the polymeric film. The presence of pores in paint and varnish coat-
ings, caused by the evaporation of solvents in cthe course of film formation, may
cause a decrease in the protective characteristics of the coatings under heavy

duty cperating conditions. Polymeric coatings are more plastic, and are therefore
more resistant to impact loads and protect more effectively from various types of
chemical, electrochemical and atmospheric corrosion during exposure to mechanical
stresses.

The function of individual types of polymers and the selection of the method
of application of coatings are determined by considering the characteristics of
the articles being protected, their service conditions, and the chemical nature
of the polymers and properties of the coatings based on them. Among various high
molecular compounds, those that have become most popular in Soviet and foreign ship=-
building have been coatings based on epoxy resins, polyurethanes, chlorinated rub-
bers, fluorinated hydrocarbons, and various modifications based on them.

Rubbers hold a specialplace among coatings because of their exceptional re- /8
sistance to abrasive and hydroabrasive erosion, and also to cavitational effects.
Such coatings withstand repeated alternating deformations, strong vibration loads
and sharp temperature fluctuations better than other coatings. In their resistance
to corrosive media, rubbers surpass most metals and are therefore widelv used for
the anticorrosion protection of various parts. The greatest effectiveness is
achieved when simultaneous protection from corrosive and abrasive wear is required.

Urethane coatings, which harden in the presence of moisture, as well as urethane-
base f{lm and paint-and-varnish materials have become widespread in shipbuilding.

A valuable category of polymeric materials are fluorinated polymers. Coatings
based on Ftorlon lacquers and powdered fluorocarbon plastics find extensive applica-
tions thanks to varied dielectric properties and excellent antifriction and anti=-
corrosion characteristics. Depending on the function of the protective coating,
powdered fluorocarbon plastics may be used as the base for the development of
compositions ensuring the applicability of the coating under specified service
conditions. This is achieved by individual preparation of the powder (increasing
the bulk density, selecting a definite particle size distribution and shape of
the powder particles), introducing stabilizers, plasticizers and fillers providing
for the technological and performance characteristics of the coatings, and by us-
ing primers of certain compositions.

At the present time, protective coatings based on epoxy resins and possessing
the necessary adhesion to metals, mechanical strength and chemical stability have
become most popular. Polyepoxides are most frequently used in the form of powder
coatings, whose composition includes hardeners, modifiers, and fillers. Increas-
ing the elasticity by modifying with various polymeric compounds, introducing powder
fillers to reduce the coefficient of linear expansion, and reiniorcing with con-
tinuous glass fiber and microglass fiber makes it possible to obtain higher-quality
coatings.

The use of antifriction polymeric coatings applied on a metal base makes it
possible to improve the removal of heat and promotes the stabilization of the di-
zensions of mating friction members. The change in dimensions is smaller for members
with thin-layer coatings than for mcnolithic parts from polymers. The best anti-
fricticn materials for coatings are polyamides, fluorocarbon plastics, and penta-
plast.
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Despite their high cost, pentaplast coatings are used rather extensively in
many countries, thanks to their exceptional chemical stability, noncombustibility,
and attractive mechanical and dielectric properties. The stability of pentaplast-

base coatings exposed to the prolonged action of seawater promotes its extensive
use in shipbuilding.

Experience shows that in ship machine building, the materials used most ex-
tensively for construction articles and anticorrosion coatings are hot-pressed
epoxy-glass plastics, caprolon, polvcarbonate, polyformaldehyde, polyamides, fluoro- .
carbon plastics, polyethylene, polypropylene and pentaplast.

It is useful in this connection to systematize and correlate the operating
experience accumulated thus far, as well as the experimental data on the properties

and technology of processing of these materials into articles used in ship machine
building.




Chapter 1. BINDERS FOR FIBER GLASS PLASTICS USED IN THE PRODUCTION OF ARTICLES
FOR SHIP MACHINE BUILDING

1. General Description of Fiber Glass Plastics

Fiber glass plastics are composite materials based on various types of glass
fillers (glass fabrics, glass fibers, glass mats, glass roving, etc.) and polymeric
binding materials. At the present time, fiber glass plastics are the strongest
synthetic materials. Important advantages of fiber glass plastic over other tradi-
tional structural materials (metals, alloys, wood) include high specific strength
and corrosion resistance, attractive dielectric properties, nonmagnetic character,
low sensitivity to microconcentrators, and high vibration and impact resistance.

In many cases, fiber glass plastics are irreplaceable materials. Their use
for articles in ship machine building permits easy fabrication of parts of
diverse geometric complexity with maximum mechanization of the production proc-
esses and a substantial reduction of fabrication labor intensity; at the same
time, the properties of a fiber glass plastic can be varied over a wide range in
accordance with the type of reinforcing and binding materials and the processing
method emploved.

The mechanical properties of fiber glass plastics are primarily determined
by the strength of the glass filler, its ccntent, and the orientation of the re-
inforcing fibers in the polymeric binder.

A compatible operation of the reinforcing filler is provided for by the
polymeric binder. The creation of monolithic fiber glass plastics is possible only
through the use of binders possessing sufficient wettability, high cohesive and
adhesive strength, and low shrinkage.

On the basis of monolithic conditions for fiber glass plastics of oriented
structure (reinforced with fibers and fabrics), several authors® have formulated
the requirements for the mechanical characteristics of binders, taking into
consideration the strength properties of the rezinforcing fibers (Table 1).

Table 1
Requirements for the mechanical properties of binders for fiber glass plastics

/9

/10

i |
, s
A

Reinforcement with glass fiber

Property 1 : 7
lAlkali-free } High-modulus
Strength, kgf/mm % |
1 tensile l 7 i 12.5
; compressive | 20 | 24
! shear f 35 f 6.3
! Elongation, % i [ 5 l 6
Modulus of tension, kgf/mm < 1;7 450 { 570

Low watar absorpticn is also required from binders for fiber glass plastics
used in ship building and in seawater or in humid climatic conditions. Practice

shows chat binders with an intrinsic water absorption no greater than 1-27 ensure
an adequace water resiscance of fiber glass plastics.




In the production of articles made of fiber glass plastics, the binders used
most extensively are polyester, organosilicon, phenol-formaldehyde and epoxy ones.

In each specific case, the choice of the type of fiber glass plastic is
determined by the requirements imposed on the articles and by the operating condi-
tions. Thus, for articles operating at elevated temperatures under relatively
small loads, use is made of organosilicon fiber glass plastics, which possess
high heat resistance. Drawbacks of organosilicon fiber glass plastics include their
brittleness, low mechanical strength and considerable cost.

For large-sized articles produced in small quantities, for which the fabrica-
tion of expensive equipment is uneconomical, and on which low strengch and water
resistance requirements are imposed, it is desirable to use polyester f{!her glass
plastics processed mainly by contact molding.?

Phenol-formaldehyde glass plastics, which have high water and heat resistance
and considerable rigidity, are used for structural and electrical applications /11
at temperatures up to 200°C, and up to 250°C for short periods, 1-2 h.

The most advantageous ccmbination of high strength properties and water resist-
ance marks fiber glass plastics based on epoxy binders. The application of epoxy
binders permits the fullest use of the strength of fiber glass. Sufficient experi-
ence with the fabrication and operation of various articles from epoxy~-glass
plastics has now been accumulated that confirms the promising outlook for the
application of these materials.

Almost all existing methods for processing £iber glass plastics into
articles are being used in the fabrication of articles for ship machine building.
However, the most popular ones are:

impregnation of the glass filler under pressure;

vacuum-compression molding;

pressing.

The choice of the fabrication method depends on many factors, including batch
production, strength requirements, service conditions, and shape and size of the
article. However, in all cases the selected method should produce a material
uniform in density and proportion of the components, ard a sufficient stability of
the properties during service.

In the first two processing methods indicated above, the binder under pressure
is fed into a rigid hermetic mold. In many cases, evacuation of the glass filler
is used to reduce porosity . The porosity of the fiber glass plastic decreases

with increasing impregnation pressure. However, even under optimum conditions, i
the porosity of fiber glass plastics obtained by impregnation under pressure or E
vacuum-compression molding is 6-87, which results in a significant decrease in the

water resistance of the articles. %

The pressing method provides for the greatest water resistance and stability
of the properties. The use of a high specific pressure makes it possible to obtain
intricate-shaped articles of sufficiently dense and homogeneous structure and low
porosity (no greater than 3% by volume). Articles made by prassing can be used
in water without additional protection against water. The method of hot pressing
has found extensive applications in ship machine 5uilding. For many vears, this
method has been used to make blades and cones of ship propellers and other articles.




The individual physicomechanical properties of fiber glass plastics made by these
three methods are listed in Table 2.

In connection with increased requirements Ior the strength and water resistance
of materials used for making articles for ship machine building, the widest use
has been made of epoxy-glass plastics made by pressing. For this reason, the
properties, starting materials and pressing characteristics of articles from /12
epoxy-glass plastics are considered in most detail below.

Table 2
Properties of epoxyamine fiber glass plastics made by different methods
1
: Method of Preparation ;
|
! Property Vacuun- Impregna- | 1
1 |compression | tion under | Pressing |
! ! pressure |
: Binder content, % 40-45 | 40-45 f 22-26 ;
| Porosity, Z _ ; 5-3 l' 8-11 1:5-2 ;
i Density, g/cm~ i 1.8 AT 2.0-2.1 |
; Compression strength, kgf/mm< 40-45 30-38 f 50-55 |
- bending strength, kgf/mm2 50-65 37-358 | 70-30 !
i Water absorption in 24 h, 7% 0.05 0.08 | 0.005 i

2. Epoxy Resins

Epoxy resins, which are one of the chief components of the binder, are character-
ized by the presence in their structure of several epoxy groups -CH-Qﬁ-, which are
N\ _/

(¢}
extremely reactive. Epoxy resins are a mixture of oligomers of different molecular
masses (from 250 to 4000) and become practically valuable only after their cross-
linking, i. e., conversion into a cured polymer of reticulate structure by means
of special compounds - curing agents.

Epoxy compounds were first synthesized in 1934 by Shpak, and on the basis of
these compounds, Kastan (De-Teril Co., Switzerland) in 1938 prepared a plasticwhich
he wused in dental technology.’”

At the present time, there is almost no area of industry that does not use
epoxy resins. In the Soviet Union, epoxy resins have been produced since 1955, |
and this production has now increased over 30-fold. |

Epoxy compounds are produced in two ways: by direct epoxidation of unsaturated
¢ zpounds with peracids and by reacting epichlorohydrin or dichlorohydrin with
compounds containing a labile hydrogen atom.

Resins obtained by the first method are called cycloaliphatic epoxy resins.
Their production on an industrial scale is limited because of the explosiveness 43
of the existing peracids.

Resins based on epichlorohydrin and obtained by the second method are finding
the most extensive uses. Depending on the nature of the component reacting with
epichlorohydrin, these epoxy resins may be classified as Zcllows:




polyglycidol ethers (based on diatomic and polyatomic alcohols);
polyglycidvlamines (based on amine-containing compounds);
polyglycidylamides (based on amide-containing compounds).

Diphenyiolpropane (diane or bisphenol A) is most frequently used as the di-
atomic alcohol in the preparation of polyglycidol ethers. The resins obtained by
reacting diphenylolpropane with epichlorohydrin comprise 90% of the total pro-
duction of epoxy resins and are known by the name of epoxydiane resins, of the
general formula

CH,—CH—CH,—{0—R —C—CH, ~CH—CH.|,—0O—R—
o’ OH
_o—CHr—c§—c§y
o
CHq

where R is

>

/7

et )
G >—Cc=
CH,

Depending on the conditions of synthesis and ratio of epichlorohydrin to
diphenylolpropane, epoxydiane resins with a molecular mass from 250 to 4000 are ob-
tained. The molecular mass of the resin determines the state of aggregation of the
resin and its physicomechanical properties. Resins with a molecular mass up to 400
are liquid, those with a molecular mass up to 400-800 are viscous (softening point,
15-20°C), and those with a molecular mass above 800 are solid with a softening
point above 50°C.

The main characteristics of Soviet and foreign epoxydiane resins are given in
Table 3.

In discussing the molecular masses of epoxy resins, one must not forget
that these masses are average values. Actual epoxv resins are polydisperse, i. e.,
mixtures of oligomers of different mclecular masses. The fractional composition
of some epoxydiane resins is given in Table 4. .

Of greatest value are resins with the lowest degree of dispersion and a con-
stant fractional composition from one batch to the next, since thev make it possible
to obtain reproducible results and hardening products of crdered struciure.

During the hardening, the highest-molecular oligomers react first, and the
majority of unreacted epoxy groups are in the composition of the monomer.

Studies aimed at creating epoxy resins of low dispersity are being conducted

he Soviet industrv. A new state standard (GOST 10587-72) was developed in

in t
1972 which stipulatss a large number of eopxy resin brands with a narrower grada-
tion of molecular mass, epoxy group concent and other qualitative indices.
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Table 3.
Main characteristics of Zoviet and foreign epoxydiane resins

| ] Average | Number of 1 Sortening 3
; Brand of Resin molecular ; epoXy groups |temperature, C| 1
i mass ‘ | ! 4
| Epon-1009 (USA) | 3800 | 1.4 | 15-155
! E-05 (USSR) 3500 1.5-2.5 | 120 |
] Epon-1007 (USA) 2900 ‘ 2.2-2.4 i 127533 5
Epon-1004 (USA) | 1400 1 4,.3-4.7 95-105 {
l ED-8 (USSR) 800-10C0 H 8-10 - !
| Araldite B (Switzerland) 1000 9-11 - |
| Epon-1001 (USA) 900 [ 8.6 64-76 ‘ 1
| CHS-epoxy-2000 (Czechoslovakia) 850 | 9-10 65 |
| ED-10 (USSR) 600-800 i 11-14 - !
! Epon=-864 (USA) i - i 1 | 40-45 i %
ED-14 (USSR) i 600 | 14-16 | 30 |
| ED-16 (USSR) | 460-540 i 16-18 ; 10 2
i Epon=-834 (USA) i 470 { 14.3 i 20-2 !
i ED-20 (USSR) | 340-450 i 20-22 - ‘
| CHS-epoxy-1100 (Czechoslovakia) | 380 ; 20-25 - 1
| Epon-328 (USA) i 380 { 22 8-12 }
; ED-22 (USSR) i 330 | 22-24 - !
| Epon-362 (USA) - | 27 -

Table 4 13
Fractional composition of epoxydiane resins

Content, %, of

|
|
|
|

Resin Brand ! Monomer i Dimer Trimer | Higher Fractions |
; n=0 i n=1 ! n=2 ! n> 3 ;
{  ED-20 | gese | ez | 23 | 0 |
| ED-16 J 50-60 | 15-20 | 8-10 , 5-10 !
j ED-10 | 25-30 13-15 | 8-10 l 45-50 !
| ED-8 é 13-17 | 12-15 i 9-12 ! 55-60 |
i | :
In each specific case, the choice of the epoxy resin brand is determined by /15 ‘ﬁ
the technology of fabrication and purpose of the article. Thus, impregnation ;.
under pressure and vacuum-compression mclding require epoxy resins of low viscosity b

in order to ensure a quality impregnation of the glass filler with binders without
a solvent (from the binder melt).

In the pressing method employing preimpregnated glass-reinforcing materials
(from a solution of the binder), it is desirable to use resins of high viscosity,
which prevents the resin from leaking out at high specific pressures.

However, in selecting the resins for pressing, one must not try to use resins

with the highest viscosity and molecular mass, since an increase in molecular mass
is inevitably associated with a decrease in specific functionality and hence, a de- :
crease in the number of cross-links and cohesive strength of the hardenmed procuct. 3




In addition, it is necassary to consider the known law governing epoxydiane resins,
to the effect that the specific functionality affects not only the quality of the
cross links, but also the packing density of the macromolecules. There is a certain
value of the molecular mass of the resin corresponding to the optimum packing density,
aumber of cross links and technological viicosity.

A resin of this type, which satisfies the above requirements, is resin of
brand ED-13 TU No. P-257-70, developed for hot pressing. Ed~13 resin is prepared
from diphenylolpropane sulfate; it is highly viscous, with an average molecular
mass of 700-750 and 13-15% of epoxy groups. ED-13 resin is characterized dv a
narrow fractional composition with a predominance of oligomers with a degree of
polymerization n = 3-4, providing for a great stability of its properties.

Resorcinol and furfurylresorcinol are also used as diatomic alcohols in the
synthesis of polyglvcidol ethers. Two methods of svithesis of polyglycidel ethers
based on resorcinol are currently in use:

(a) condensation of resorcinol with epichloroivdrin to form polyglycidol
ether of resorcinol (RES=-3 resin);

(b) polycondensation of resorcinol and epoxication of the oligooxypheaylene
obtained with epichlorohydrin to form polvglycidol ether Jf oligooxyphenylene
(EPOF-5 resin).

Polyglycidol ethers based on resorcinol are rigid-chain reactive cligomers
with the minimum distance between epcoxy groups for aromactic compounds. In compari-
son with ethers obtaired by epoxidation of oligooxyphenylene, polyglycidol ethers
obtained by epoxidation of resorcinol have slighcly greater elongation (6-3%),
but lower heat resistance.®?

The UP-63 oligomer based on furfurylresoreinol has the following structural /16
formula:
(@
/TN
O—CH,—CH—CH,

0 O—CH, = CH=CH,
\o/r.

The svnthesis is carried out in two steps. In the first step, furfuryl alcohol
reacts with resorcinol in the presence of acetic acid catalyst to form the inter-
mediate compound furfurylresorcinol. In the second step, furfurylresorcinol in
the presence of alkali reacts witn epichlorohydrin to form furfurylresorcinol di-
glvcidol ether.

Resins based on furfurylresorcinol are characterized by a high content of
epoxy groups (21-237%), and hardened binders and fiber glass plastics based on them
are characterized by high strength.

The polyatomic alcohol used in the synthesis of polvglycidol ethers is penta-
erythritol. The tetraglvcidol ether svnthesized from it also has high streagth
in the cured state (UP-633).




Using resorcinol and pentaerythritol, the industry produces resins of brands
UP-63, UP-67, RES-3, EPOF-5 and UP-635.

The main characteristics of polyglycidol ethers, binders and fiber glass
plastics based on them are listed in Tables 5 and 6.

Table 5
Principal characteristics of polyglycidic esters based on polyatomic alcohols
| | we [ 2= | 2| ! S
| ! ! - ] 2 iStrength, kgf/mm 5 w | &
: i | & as ! == i - g |
; ' i {53 i 3% | e s ER
|Resin ! Initial | 9 RS ‘ |- i S 3
|Brand | Components | =< [SEE S o S ot S (RS O E
| I3 > | == = /2 |5 | 9a | dg9 |
a : = R ST B B O S
| | fé& | 25 (3|8 |& | &3 | 23
] ; 12 ; | ! E
IUP-63 | Resorcinol, epi- 121-23 | 600 |9 |20 | 7.2 ! 2.3 | 140 |
{ chlorohydrin, l | | i ’ i !
} | furfurvl alcohol | | | l | [
{RES-3 | Resorcinol, epi- 122-25 | 10 |11.5{ 23 | 7.2 | 2.2 | 120 |
| | chlorohydrin f ’ i i l | .
'UP-635 | Pentaerythritol, [27-30 | 3 }13.8} 28 19.6 | 2.4 | - |
: | epichlorohydrin | | ,, ? ‘ 1 ‘ ,
|EPOF-5 | Polyoxvphenylene, |18-22 | 800 [12.5] 22 | s |18 163
| i epichlorohydrin | I | i ! | |
o 1
Table 6

Mechanical properties of fiber glass plastics based on polyglycidol ethers

i Propercy | ve-63 | mEs-3 | U-635 | EROF-5 |
{ | | i

g Strength, kgf/mmzz ' i g ! :

| compressive ’ 63 { 62 ! 68 i 66

| bending | 92 |93 | 98 97

| interlaminar shear 5 78 | 78 | 9.0 ‘ 8.0

| Impact strength, kgf m/cxz® | 4.3 | %3 |s.2 4.0

Polyglycidylamines are cbtained from primary and secondary aliphatic and
aromatic amines. The synthesis is carried out in two steps: the first step in-
volves the formation of chlorohydrins from epichlorohvdrin and the corresponding
amine, and the second step comsists in dehydrochlorination.

The attention given to polyglycidylamines is due to their high strength combined
with heat resistance.

Amine-containing epoxides fracuently have low viscosity and are therefore
used as active diluents of epoxy binders for fiber glass plastics fabricated by
vacuum molding and winding.

[
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Depending on the structure of the initial amino-containing monomer, oligomers
with different properties may be obtained. Thus, the use of halogen-containing
amines makes it possible to produce fire-resistant epoxy resins. a high fire
resistance is exhibited by oligomers synthesized from epichlorohvdrin and N-penta-
chlorophenvletnylenediamine and from epichloronhydrin and chlorinated aniline.®~

Among glycidylmonocmines, the nighest adhesive and cohesive strength is ex-
hibited by epoxidized p-aminophenol. Binders based on it, cured with aromacic
sulfones or amines, are used for articles made by hot pressing.

The viscosity of polvglycidylamines is considerably increased by using primary
diamines as the starting material in the synthesis of epoxy oligomers. The compounds
thus obtained are tetrafunctional. Among primary diamines, use is made of 4,4'-di-
aminodiphenylmethane, 3,3'-dimethoxy-4,4'-diaminodiphenylmethane, 3,3'-dichloro=<,+'-
diaminodiphenylmethane, and 3,3'-dibromc-4,4'-diaminodiphenylmethane. The use of

/

4,4'-diaminodiphenylpropane and metaphenylenediamine has also been proposed.

In the USSR, tetrafunctional glycidylamines based on primarv diamines have also
been svnthesized and are being produced.

Attention is drawn to the hign strength characteristics of cured tetrafunctional
polyglycidvlamines and to their relatively high viscosities. From the standpoint /1
of their properties, tetrafunctional polyglycidylamines are promising materials and
may be reccmmended Icr use in the composition of binders for hot-pressed Zfiber
glass plastics.

w

On the industrial scale, polyglvcidylamines are made under the fcllcwing brand
designations: EA, UP-610, ZXhD, and metolon.® < The main characteristice these
resins and binders and fiber glass plastics based cn them are given in Tablrs 7 and 3.

Table 7
Main characteristics of polyfunctional nitrogen-containing epoxy resins

| Resin ‘ | o % :i < a:’ |Strength, kg:‘/mm?l o Y
i i | Infetal |2 & 5% 53~ Bend-Con- |Ten- 3 458 .
| | =] of & | | = p Pl
! i ! Cozponents |§w Sl = o 'ing [pres-|sile ! L Bl
l ! | 10O 6 4= > = | : | | 39 =

i ! ! | isive £ .o
1 | 1 | { |
|Poly- | EA |aniline, epichlorohy- | 30 i 1.2 |85 |1r.5|s |18 jus |
i glveidyi- I drin [ { { i |
(2mines |UP-510 (Paraaminophenol, epi- | 28 | 1l ;12 !23 !S 1 2.6 |120
! @ ! chlorohydrin | { | i ! i {
; {Metolon!3,3'-dimethoxy-4,4'- 30 | 900 |9 f26 '8 (1.9 180
! | | diaminodiphenyl- g i i | % ‘
| 1 | methane, epichloro- i | f | ? |
| | hydrin | i i I :
; \EKhD  13,3'-dichloro-4,4'~ i 26 |20 {13 27 f9 2.3 |15
{ ’ | diaminodiphenyl- ’ ’ | | ; |
l \ | methane, epichloro- | ‘ | : { {
l | | hydrin | ! i | , L
|Poly- | ETs ICyanuric acid, epi- ! 30 | Solid | 7.5 !18 &2 1.5 |180
‘ ! i | |
1glycidvle i chlorohydrin | pro~ |
amidas | ! | | duet |
, | ETsD- |Cyanuric acid, di- |20 | 750 |9 (21 '6.8 (2.1 !160

13 | phenylolpropane, | ‘ ! |
? i epichlorohydrin i i
13




Table 8
Mechanical properties of fiber glass plastics based on nitrogen-containing epoxy
resins

| Property ! Ea | uP-610 | Metolon | EXnD |ETs | ETsD-13 |

l
Strength, kgf/mm™:

i | }
]

1 .
l compressive 48 63 | 69 | 69 42 | 60 |
! bending 96 | 97 98 68 | 90 {
{  interlaminar shear 6.9 | 9.2 | 9.0 9.8" | 6.5l 7.8
| Impac: strengch, kgf m/cm? Pda il | 4.3 [ 4.0 | 4.0] 4.0

A general method of preparation of polyglvcidylamides is the reaction of amides /19
with eipchlorohydrin, sometimes in the presence of catalysts (for example, complexes
of borontriifluoride), followed by dehydrochlorination.

Among glycidylamides, the best known are derivatives of cyanuric acid (cyanurates).
The domestic industry produces triglycidyl isocyanurate (ETs-K), a mixture of mcno-
and diglycidyl isocyanurates (ETs-N), a mixture of mono-, di- and triglycidvl isc-
cyanurates (ETs), as well as composites of epoxycyanurate and epoxydiane resinms.

The main characteristics of the indicated compounds as well as those of binders
and fiber glass plastics based on them are given in Tables 7 and 8.

Triglycidyl isocyanurate (ETs-K)

C\—O—CH,—CH—CH1
N N ol
| i
C\H:—CH—CH,—O-—C C—0—CH,—CH—CH.
\O// N// \\CV

is a monomeric crystalline prcduct with a melting point of 156°C, marked by a
comparatively high specific functionality (content of epoxy groups, 41-42%).

Along with a compact molecular structure and the presence of a symmetric isocvanurate
heterocycle, the high specific functionality provides for the formation of a
reticulate polymer with a high cross-linking density, rigidity and heat resistance.

The glass transition point of cured triglycidvl isocyanurate is 195°C, and the
Martens temperature is 230°C. The reactivity of triglycidyl isocyanurate with
anines is so hignh that it is practically impossible to process compositions based
on it. In addition, at room temperature it does not dissolve in any of the kncwn
solvents, and partially crystallizes on cooling fIrom solutions obtained at 20-
100°c.

A mixture of mono- and diglycidyl isocyanurates (E2Ts~N) cured with amines or
anhydrides is inferior to triglycidvl isocyanurate in heat resistance and strength,
but is conveniently characterized by lower activity and solubility in ordinary
solvents. Therefore, ETs-N resin is widely employed in various branches of induscry
for the fabrication of articlas used at high temperatures. The use of ETs=N resin
for the fabrication of fiber glass plastics for shipbuilding applications is un=-
desirable because of high brictleness and low w 'er resistance as compared %o
those ofepoxydiane oligomers. In order to obtain composition of satisfactory heat

| —-—




Table 9.

Properties of cycloaliphatic epoxy resins developed abroad

i| O | o~ ; 4 '.: 9
5008 Bl &l wasS8E -
el X = | @&l A< %=
i w: 25912 %5 3C29% 8 %:
Brand i Chemical Composition el e g e Rl S
p FEIEETNER T EE N
, Bal232 228532821334
1 . I |
ER-2114 ! Diepoxide based on l,-’;—cyclohexadienq‘ 160 ‘ 0.62 9.5 15| 072 ! 8.5
1 5 | |
§ x| e i i i
| N | 1 |
1} - - | .
ER-291 | 2,3-epoxycyclopentylglycidol echer '8 | e B Rl ]I &
| 1
i 22 /Q\ : | ‘ ‘
! ‘/\1 b N { i | |
. L_No-cH,—CH—CH, ; ] |
ER-2189 Dioxane diglycidol ether ! 160 | 0.46 ) 120 | 6.9 - } -
CH,—CH—CH,—0—CH—-CH—0—CH,—~CH—CH, * , |
\ \\ /' | ! |
N / i | | | i : |
(o} o (0] | ! | i i
, |
\ / S ! L l
CH—CH, Pl EI S i
ERZ.2772 Sulfolac diglycidol ether Paeo | 020 | 90| 68| 0208 | 135
CH_,-—/CH—CH,—O—CH—CH—OCH,—CH—CH_.
\ | | o
CH, Chh o}
N\
SO,
ERNA-025%6 | Epoxyeyclopentylphenylglycidol ethen !60 | 0,415 | 10,0 { 3.1 | 0,40t | 16,0
l !
Qe
k& o
. /' «__ »—OCH,—CH—CH,
| Esiihban N
1
ExPpi2z9 |  Disphenol diglycidol ether | 160 | 0262 | 7.0 88| 0247 | 10.5
f O—CH, CH, |
| o 2 S
| CH,—CH— ‘—CH,--CH,—CH € CH-—
| O—CH, CH,
i —CH,—CH,—\=/—OCH,-CH\—CHz
z E |
ERRA-0300 ! 0 N\ _o-r /Q i | 160 | 0512 | 113 T
/ / \ & f | H
—— | 1 i 3 {
{9 N0 3 1' i ‘1 !
ERLA-04C0 LN ATR 160 | 0480 | 123 46| 0478 | 19.5
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resistance combined with a high strength nd reactivity, the ETsD-13 composition /
was developed, based on ETs epoxycyanurate resin and ZD-13 epoxydiane resin.

o
o

In the oligomers discussed above, the epoxide a~oxy ring and nitrogea-contain-
ing grcup were separated by a methylene group. Sometimes the epoxy and nitrogen-
containing Zroups are so far apart that their mutual influence on the reactivity
of the oligomers is absent.®® In this case, the nitrogen-containing group is an
internal modifier that improves the properties of the oligomers. This group of
oligomers includes polyglycidylamides, the synthesis of which is based cn aminolysis
of methyl esters of epoxidized fatty acids or on the epoxidation of unsaturatec
aliphatic polyvamides. Curing with compounds of boron trifluoride forms elastic
polvmers for electrical iamsulation coatings. A disadvantage of epoxidized poly-
amides which limits their application in shipbuilding is reduced water resiscance.

As was noted above, cycloaliphatic epoxy resins are prepared by direct epoxida=-
tion of unsaturated compounds.

The unsaturated compounds used may be both aliphatic and
aromatic. On curing, cycloaliphatic epoxy resins form three-dimensional
structures with a large number of cross-links. The latter directly join the rirngs,
causing the high strength and heat resistance of the cured products.

Cycloaliphatic resins also possess high thermal stability, dielectric
propertiss which are maintained at high temperatures, and high atmospheric re-
sistance, which permits their use as binders for fiber glass plastics used at
high temperatures and sealing compounds.

All cycloaliphatic epoxy resins are marked by low reactivity and are cured
at high temperatures by polycarboxylic acid anhydrides in the presence of accelerators =
boron trifluoride complexes.

Amongz rigid cycloaliphatic resins, those developed by Union Carbide Corp. (USA)
and Ciba are well known.!’ 82

In order to obtain more elastic structures, cyclcaliphatic resins are modified
by increasing the distance between the aromatic rings and thereby decreasing the
heat resistance to some extent.

The properties of the best-known cycloaliphatic resins cured with metaphenylene-
diamine are given in Table 9. .

3. Curing Agents

The presence of two types of functional groups = epoxy and hydroxyl - in 123
epoxy oligomers makes it possible to cure them with various substances. Depend-
ing on the nature of the curing agent, the curing may take place with the pre-
dominant participation of epoxy groups, hydroxyl groups, or both simultaneously.
Curing agents reacting with epoxv groups include polyamines and polycarboxylic
acids and their anhydrides. Curing agents curing through hydroxyl zroups include
compounds with isocyanate groups. Curing with phenol-formaldehyde resins in-
volves the participation cf both epoxv and hydroxyl groups.
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Depending on the type of curing agent, curing may take place at room or
higher temperatura. For articles used in ship machine building, it {s preferable
to use so-called hot-curing agents, which provide for the highest strength properties

of the structures and an adequate period of storage of the press materials.

The increased useful life of the composites is an important factor which makes
it possible to use the highly productive mechanized impregnation of glass fabrics.

The selection of a gilven curing agent is determined in each case by the fabrica-
tion technology, structure, and set of requirements placed on the article.

Curing with amines. At the present time, a large number of amine type curing
agents are known, including primary, secondary and tertiary amines of the aliphatic
and aromatic series.

The rates of reactions with primary and secondary amino groups differ only
slightly. Side reactions, for example between epoxy and hydroxyl groups, are

practically absent. Curing with amines is a bimolecular reaction. Theoretical
calculations of the reaction rate are in good agreement with the experimentcal
data.

Optimun properties of the compositions are achieved when one hydrogen atom
of the amine corresponds to one epoxy group.

Aliphatic amines have low viscosity at room temperature (0.1 P at 25°C),
easily mix with epoxy oligomers, and cure them even at room temperature.

Disadvantages of aliphacic amines include their high toxicity, low water re-
sistance and heat resistance of the binders during their use.

Typical representatives of aromatic amines are m-phenvylenediamine; 4,4'- and
P )
3,3'~diaminodiphenyl sulfore, 4,4'-diaminodiphenvlmethane and its derivatives.

Compositicns based on apoxy oligomers with aromatic_amines have high strength
characteristics and water and heat resistance.® < °° Aromatic amines cure at /28
high temperature (140-180°C).

Compositions of epoxy oligomers with such products
as 4,4'~-diaminodiphenyl sulfone remain stable for several months at room tempera-

ture, and hence, molding materials and binders may be stored for long periods
of time at room temperature.

In addition to aromatic amines, eutectic mixtures of aromatic amines are also
used as curing agents.

The mixtures are liquid at room temperature or have a low
melting temperature, and therefore compositions based on tham are easier to process
than compositions with individual aromatic amines.

The properties of aromatic amines synthesized in the Soviet Unicn are listed
in Table 10.

Aromatic amines constitute a promising group of curing agents providing for
higzh strength and heat and water resistance of fiber glass plastics (Table 1l1).
However, their use for series-produced articles for ship machine building is current-
iy limited by their high cost, which results in a considerable increase in the

prices of the articles, since the content of amines in an epoxy binder is at least
20%.

In contrast to primary and seccndary amines, tertiarv amines do not coatain
reactive hydrogen atoms, and curing with their participation follows a catalytic
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zmechanism. Cross-linking of the molecules takes place by polymerization through
epoxy groups.

Curing with terciary amines takes place at temperatures of 120-160°.

Table 10.
Principal properties of amine type curing agents
T
! Curing Agent Physical State Melting Molecular |
; [7 Point, °C Mass |
; , ! ' !
13,3"'~diaminodiphenyl ’ White crystalline sub- | 110 b 248 |
} sulfone stance , ’
{4,4'-diaminodiphenyl | Same 150 248 !
] sulfone l i
'4,4'~diaminodiphenyl- Same 92.5 80 l
! methane | ¢ ]
[3,3"-dichloro=4,4"~di- r Brown powder 101 267
! aminodiphenylmethane !
. {Metaphenylenedianine ] Gray powder 63 136.2 |
ITriethanolamine titanate | Thick viscous liquid, - - l
| yellow to brown
13,3"-dimethoxy~4,4'~diamino~| Gray crystalline sub- 150 b 058 !
| diphenylmethane ’ stance
/Triethanolamine Transparent liquicd - 149.2 I
Table 11
Properties of fiber glass plastics cured with aromatic amines
/25
: j Curing Agents
| 1- T i
| Property 14,4"-diamino~ }3,3'-dichloro- |Meta~ !
' ldiphenyl 14,4'-diamino- iphenylene~|
{sulfone dipnenylmethane |diamine
! | ! {
{ Strengzth, kgf/mmzz 3 | |
| tensile 60 { 60 |44 |
| compressive 54 | 48 [ o39.3 |
| bending 75 I 68 | osel |
| {interlaminar shear 5 | 7.4 | 6.5 | 645 |
Impacc strengch, kgf a/cm- i 4.4 ‘ 4.3 [ 4.0 |
e ‘ |

A consideraple number of curing agents are known among tertiary amines: trimethyl-
amine, triethyvlamine, triethanolamine, imethylbenzylamine. In the Soviet industry,
triethanolamine is most frequently used in the production of hot-pressed fiber
zlass plastics.

Triethanolamine is obtained by reacting an aqueous solutica of ammonia with
ethylene oxide. Triethanolamine has the appearance of a transparent, viscous
liquid. It is convenient to handle, nontoxic, and mixes readily with resin. A
disadvantage of trietnanolamine {s its high hygroscopicity. Fiber glass plastics
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cured with triethanclamine are characterized by unstable szrength properties,
although individual samples of the plastic have relatively high mechanical
characreristics.

Curing with polyamide resins. Epoxy resins are cured with low-mclecular
polyamide resins and methylol derivatives of polyamides with a high molecular mass.
Epoxypolvamide resins are marked by high elasticity. The increase in elasticity
in chis case is due to the comparatively low cross-linking density and the introduc~
tion of flexible aliphatic linkages into the polymer structure. Polyamide resins
are nentoxic and provide for a ccmparatively long useful life. The curing reaction
is not very exothermic and takes place without the evolution of volatile substances.

"0ligoamides," low-molecular polyamide resins similar to “versamide" foreizn
resins, have been developed by a group of workers under the supervision of K. M.
Vlasova.'5 They are prepared by using polymerized esters of fatty acids from
soy and linseed o0ils and diamines, isolated from technical-grade polyethylene
polyamine by vacuum distillaticn.

Low molecular polyamides are viscous liquids.

The physicomachanical propercies of epoxypolyamide resins change with the /26
proportion of the components, and the best properties are achieved with a 0-507
oligoamjide content. Glass fabric resin laminates based on them (of brand LN-50)
are prepared at specific pressures of 1-3 kgf/cm- and 120-160°C.

Methylol derivatives of polyamides are obtained by reacting formaldehyde
with high-molecular polyamides.*®

Glass fabric resin laminate based on methylolpolvamidoepoxy resin (of brand
PEM-2) is obtained by impregnating glass fabric with an alcohol-acetone soluticn
of the resin, then drying at 60-70°C. The impregnated fabric is pressed at 160°C
and a specific pressure of 30-30 kgf/cm?2.

Another type of epoxvpolyamide fiber glass plastic is material of brand EDP-2,
in which methylolpolvamide resin enters into the block copolymer with epoxydimethyl-
resorcinol resin. Fiber glass plastic of brand EDP-2 is prepared similarly to
PEM-2 material.

The use of epoxypolyamide elastic binders makes it possible to increase the
resistance of glass fabric resin laminates to dvnamic loads and to reduce their
delamination. Epoxypolyamide binders have reduced water resistance and heat re-
sistance. The most water-resistant of this group of materials is EDP-2 fiber glass
plastic (Table 12).

Curing with isocyanates. Isocyanates (derivatives of N-isocvanic acid) are
characterized by the presence of a highly reactive radical which reacts with
the hydroxyl groups present in the epoxy resins. To extend the storage life of
the compositions and reduce their toxicity during the production of the fiber
zlass plastics, pure isocyanates are usually replaced by their derivatives, for
example, products of the reaction of toluvlene diisocyanata and polvbutanediol
or toluvlene diisocyanate and diphenylolpropane (polvphenylurethane resin).
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Table 12.
Physicomechanical properties of epoxypolyamide fiber zlass plastics

Brand of Binder

Property -
( EDP-2 | PEM-2 J EN-5L
B 1
! AL | | |
, Strength, kgf/mm": i i [
| tensile 52.0 45.0 f 50.0 :
bending 54.2 ' 42.6 i 39.5 ‘
compressive 3 5 | 43.5% i 33.0 ! 32.6 !
¥odulus of temsion, 10° kgf/m” | 3.0 i 2.9 . 3.1 |
{ Impact strength, kzf m/cm ! 455 i 3.4 f 3.2 |
| Water absorption after 30 days, & | 3.3 | 2.2 | 3.3 !
! Note. Water absorption was determined on specimens 120 x 15 x 10 am. ;
|
i |
An epoxypolyurethane binder has been developed from a binder ccnsisting of 127

an epoxy and a polyphenylurechane resin taken in the proportion of 1:1. On cur-
ing, the polyphenylurechane resin breaks down into its initial components, so
that diphenylolpropane aand toluylene diisocyanate react with the epoxy resin.

The curing reaction of the epoxy resin with isocyanates takes place with-
out the evolution of volatile substances. However, the main reaction is accompanied
by the reaction of isocyanate with moisture, a certain amcunt of which is inevitably
present in the components or the fiber glass plastic¢. This side reaction takes
place with a substantial liberation of carbon dicxide, which is a major technologi-
cal disadvantage of epoxypolyurethane binders. Fiber glass plastics based on
epoxypolyurethane binders are processed by hot pressing at 170-180°C and a specific
pressure of 30-70 kgf/cm?.

Epoxypolyurethane fiber glass plastics are characterized by excellent water
resistance, heat resistance, strength properties, and impact resistance.

Properties of epoxypolyurethane fiber glass plastics

Strength, kgf/mm%
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Curing with phenol-formaldehyde resins. Phenol-formaldehyde resins con-
stitute low-toxicity, inexpensive and technologically effective curing agents.
Phenol-formaldehyde resins of both resol and novolac type are used for curing.
Fiber glass plastics based on them possess a relatively high short-time, fatigue
and stress-rupture strength, as well as water and heat rasistance.

This section discusses the mechanisam of curing of epoxy resins by resol tvype
thenolic resins. The mechanism of curing with novolac resins is described in Ch. 19.
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Experimental studies have established that the optimum ratio of epoxy resin
to resol-type phenolic resin is 70:30. In view of the complexity of the process
of curing with phenolic resins, this ratio cannot be established by calculation.

Curing of epoxy resins with phenol resins forms rigid products of reticulate
structure which provide for a high strength and water resistance of the fiber glass
plastic.

Curing with a resol type phenolic resin containing phenol and me:hy;ol hydroxyl /28
groups takes place simultaneously in the following directions:’» <%,

reaction of the epoxy group with the methylol hydroxyl group (reaction 1);

reacticn of the epoxy group with the phenol hydroxyl group (reaction 2);

condensation of the resol resin with the splitting off of water without the
participation of the epoxy component (reaction 3);

reactiocn of the methylol group with the secondary hydroxyl group of che
polymeric epoxy compound (reaction 4);

reaction of the epoxy group with the secondary hvdroxyl group of the polymeric
epoxy compound (reaction 5).

Reactions 1, 2 and 3 determine the quality of the end product; the rate of re-
acticns 1 and 2 should be much higher than that of reaction 3 - the condensation of
the resol resin itself. Violaticn of this condition results in the formatiocm of
insufficiently cured products.

Because of staric hindrance, reactions 4 and 5 take place at slow rates and
do not effectively determine the quality of the end product. Reaction 3 is un=-
desirable, since it involves the evolution of water and causes a decrease in the
numter of functional groups of the curing agent and hence, the formation of an
inhomogeneous, insufficiently cured product of increased porosity.

Studies have shcwn that the optimum curing conditions chosen for a given batch
cf phenol resin (bakelite lacquer) do not provide for the fcrmation of products of the
raquired strength a2s one passes to another batch of the lacquer. As we know, bakelite
lacquer is a solution of a phenolic resin in alcohol. When bakelite lacquer is
stored for a long time, partial polycondensation of the phenolic resin takes place,
inevitably resulting in a decrease of its activity and hence, a decline of the
quality of the cured fiber glass plastic. The activity of the phenolic resia as a
curing agent alsc depends on the conditions of its synthesis and presence of
various uncontrollable impurities.

The instability and multistep character of the process of curing with phenolic
resins, due to the formation of undesirable bv-products, make it necessary to con=-
trol the starting materials carefully and select individual pressing conditions
according to the geometry and dimensicns of the article and characteristics of the
raw material.

Catalytic curing. The catalytic curing of epoxy oligomers is a fairly complex r
process that has been inadequately studied. The following compounds may be used
as catalytic type curing agents:
chelate nitrogen or oxygen-containing compounds; 129
complexes of esters ot amines with Lewis acids, stcy
alkyl and cyclopentadienyl derivatives of metals;
metal salcs;
alcoholates, phenolates, mercaptides;
finely divided nickel, iron, copper, chromium, molvbdenum, lead;
metal oxides and hydroxides.




Historically, the first compounds used as curing catalvsts were chelate
compounds, in which the metal atoms are linked by a coordinate bond to the oxygen
or nitrogen included in the composition of the same molecule as the metal. The
use of chese chelates for curing or for accelerating the curing of epoxy
oligomers has been described in many patents. Aluminum and cobalt derivatives
of acetoaceric ester and nickel and chromium derivactives of acetylacetone may be
used ror these purposes.

A comparatively short curing time at elevated remperatures is exhibited by
epoxy compositions with the same catalysts as chelate compounds of divalent and
trivalent cobalt, magnesium, nickel, and molybdenum and vanadium oxides with di-
carbonyl cempounds.

In 1960, Elbling and Thomas patented the use of compounds in which the metal
atom is linked by a coordinate bond to the nitrogen atom as curing agents.

In addition to chelate compounds, complexes of esters or amines with Lewis
acids have good curing properties. Compositions which are cold-resistant and
cure readily on heating can be obtained by using complexes of tin tetrachloride
with 1,2-dithicethylene glycol dibutyl estar for curing.

Curing catalysts of the third group =~ alkyl and cyclopentadienyl derivatives
of metals - have begun to be used very recently. The principal studies are be-
ing conducted in Japan on compounds of zinc and aluminum. The use of this group
of curing agents is complicated by their self-ignitability.

In Japan and the USA, zinc, cadmium, cobalt, and nickel salts of organic
acids (acetic, propionic, benzoic) are being extensively used as catalvscs.

0f great interest are epoxy compositions cured by metal alcoholates and
mercaptides. Their properties are ualque - the compositions can be stored for
long periods of time at room temperature, and they cure in a few minutes at 100°C.

In recent years, studies have been conducted in the USA on the curing of epoxy
compounds by finely divided metal powders - aickel, iron, copper, chromium, lead,
and their oxides and hydroxides.

Among curing catalysts, triethanolamine titanate is being produced on an
industrial scale in the Soviet Union. The properties of binders with different
contents of triethanolamine titanate are shown in Table 13. Their curing kiretics
ira represented in Fig. l.

4. Plasticization of Epoxy 3inders

A disadvantage of epoxy binders is the brittleness due to strong intermolecular
interaction and rigidity of the trimer chains formed during the curing.

The elasticity of the binders can be increased by introducing flexible linkages
into the trimer network, reducing the intermolecular interaction, and blending with
polymers having a low modulus of elaszicity. Such an effect is achieved by usin
inert plasticizers (external or pnysical plasticization) and introducing special
types of compounds compatible with epoxy oligomers (structural plasticization).
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Table 13
Physicomechanical properties of epoxyamine binders with different contents of /30
triechanolamine titanate

[ Triethanolamine titanate content of the composition, %
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Fig. 1. Curing kinetics of epoxyamine binder based on ED-13 epoxy resin at 160°C /31

for different contents of the curing agent - triethanclamine titanate.
1=5%; 2=-10%; 3=~ 15%. Cl - amount of unreacted epoxy groups, a; T = curing
time, h.




In addition, many authors
the density of the cross-linkages. However, in practice, a substantial c¢
cross linking densicy results in only a slight change in the modulus of e
and in many cases also leads to an increase of this modulus, since the hi
bility of the cnhains promotes a denser packing of them. This is confirme
studies of the dynamic modulus of elasticity of epoxydiane resins with differ
contents of epoxy groups (10, 16, 21%); the lowest modulus of elasticity is e
hibited by the resin with 21X of epoxy groups.

‘One of the methods of structural plasticization involves blending with polimers
having flexible aliphatic chains and terminal functional groups capable of reacting
with the epoxy groups Oof resins. Strong bonds are thus formed between the plasticiz-
ing polyzers and epoxy oligomers

Such plasticization causes an increase in the percentage elcngation of the
resin, but on the other hand, it is inevitably related to a decrease in the co-
hesive strength of the resin and its heat stability. The magnitude of the plasticiza-
tion effect depends not so much on the naturas of the plasticizer as on the degree
of the locsening of the trimer network caused by it, i. e., on the amount of
plasticizer. Usually, 10-29% of plasticizer is introduced into the composition of
the binder.

Among plasticizers of this type, the ones most closely studied have been low-
molecular polysuliide :rubbers - thiokols. Thiokols are liquids with a pungent odcr
and a viscosity of 150-300 <P.

Epoxy resins are capable of reacting with liquid thiokols in the presence of
organic amines and phenolic resims.

Increasing the thiokol content above 207 iIn the composition of the binder
causes a sharp decline of the strength properties of cured binders and rfiber
glass plastics.

. In addition to polysulfide rubbers, plasticization of epoxy fiber gzlass
plastics is accomplished by means of butadiene-nitrile carboxvlated rubbers cof
brands SKN-10-5, SKN-18-1, and SKN-26-1, with viscosities from 400 to 3000 cP.

However, because of the relatively high molecular mass and low reactivity
of the rubbers, the end products of curing consist mainly of a mechanical mixture
of polymers and have a low conesive strength (Table 14).

Plasticizers with terminal functional groups also include polyester acrylate

resins, which are very compatible with an epoxy resin. Polyester acrylate plasticizers

are emploved most extensively in connection with the use of epoxy resias as sealing
compounds. Such plasticizers have limited use for hot-pressed fiber glass plastics.

One of the methods of structural plasticization involves the use as curiag
agents of polymers containing flexible aliphatic linkages. Such curing agents
include the above-described oligoamides, and also a curing agent consisting of
triethanolamine titanate, modified with the product of transesterificaticn of
castor oil and triethylene glvcol.

lasticizers are aliphatic polyglycidyl ethers

The most effective structu P
co-workers under the supervision of Blyakhman

tural
created ia the USSR by a group of
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and Skrvlova.'3 Aliphatic polyglvcidol ethers are obrained by condensing polv-

atomic alcohols - ethylene glycol, diethylene glycol and triethylene glycol with /33
epichlorohydrin in the presence of alkali catalysts. They are low-viscosity

liquids with an epoxy group content of 25-30%.

Table 14
ffect of plasticization with rubbers on the physicomechanical properties of epoxy-
phenol fiber glass plastics

| Brand of Rubber

Property ? T |

| {Thiokol (20%)|SKD-10 (20%) | SKN-10-5 !
| | (407%) |

: 1 | '

i Strength along warp of fabric, kgf/mm ! ! ! [
f tensile | 64.0 | 58.0 | 46.0 !
compressive 40.5 . 39.2 [ 38.0 5

| bending 63.0 | 57.5 I 56.0 |
! interlaminar shear i 6.2 t 5.6 [ 5.4 {
Tensile streagth at 45° angle to 22..3 | 12.4 ! - !

| warp, kgi/mm® ! | | [
| Elongation, % ‘ | | i
along warp i 2.0 j 2.3 } 2.7 |

¢ at 45° angle to warp | 5.8 : 5.9 | 6.0 |

|¥ote. The content of rubbers is given in percent of mass of epoxy resia.

The possibility of using aliphatic polyglycidecl ethers in epoxy fiber glass
plastics and their plasticizing effect are determined by their structure and
properties.

When aliphatic ethers are introduced into an epoxy composition, on the one
hand, the density of the network increases, since the ethers are characterized by
a high content of epoxy groups, and on the other hand, the flexibility of the resin
macromolecule increases because of the presence of flexible aliphatic chains.
When the content of aliphatic components is 10-30%, the indicated oppecsite effects
probably offset each cther, and therefore the induced elasticity limit and zlass
transition temperature change insignificantly. At the same time, the tensile,
compressive and bending strengths of the resin and fiber glass plastics increase.
Further increase of the content of glvcidol ether to 40% in the composition causes
a rapid decrease of the cohesive strength of the binder, and when the ether content
is 60-70%, the polymers become rubberlike. The elongation at rupture of such
modified binders is 100-150%, and the induced elasticity limit is 20-25 kgf/cm?.

Table 15 gives the properties of epoxy fiber glass plastics with phenol-form-
ldehyde resin curing agent modified with DEG-1 aliphatic ether. As expectad,
materials containing 10-207 of DEG-1 alipnatic ether have a higher strength. /

)
s

A disadvantagze of fiber glass plastics modified with DEG type aliphatic ethers
in comparison with unplasticized binders is their reduced water resistance, due to
the presence of a large amount of hydrophilic polar group in the cured resia. As
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the relative content of DEG-l resin increases in the composition, the water resistance
of the fiber glass plastic decreases, and therefore, an epoxy fiber zlass plastic
containing no more than 10% of DEG-1 plasticizer should be used in shipbuilding.

Table 15
Effect of plasticization with DZG-1 aliphatic epoxy resin on the physicomechanical a
properties of epoxypnenol fiber glass plastics.

| Content of DEG Resin, 7%
| Propert;

‘ 0 [ 10 {\ 20 | s0

Scren&th along warp of fabric,
kgi/mm<:
tensile
bending
comprassive
| interlaninar shear
| Elongation of fiber
'glass plastic, %
Tensile strength at 45° angle
ito warp, kgf/am<
!Elongation of specimens at 43°
{ angle to warp, %
i
| Water absorption afcer 7 days
iof exposure to water, %
| Bending strength after 730
ldays of exposure to water

B
B
Lo O

i
!
|
|
|
|

[ S 3 V]
ww;m o

[
wn
N

0.68 1.0

o
)
w

55.0/78 50.0/70 | 39.0/50 10.0/20

Remarks. 1. Content of DEG-l1 resin given in percent of mass of epoxy resin.
2. Water absorption determined on samples measuring 120 x 15 x 10 mm. I
3. Numerator indicates absolute value of streangth in kgf/mm=; denomina-

tor gives percentage of initial value.

|
\
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|
i
|
|
|
i
|

More water resistant are glycidyl esters of brands DEG-F and DEG-Zh, cbtained
by esterifying DEG-1 resin with dimethyl phthalate or methyl esters of fatty acids
(Table 16). ’

The strength properties of fiber glass plastics modified with DEG-F and DEG-Zh
resins are somewhat lower than in the case of modification with DEG~l resin. 1In
the case of plasticizers, polymers with a low modulus of elasticity and nizher
elongation are also used, for example, polyvinylbutyral and modified fluorocarbon
plastics and polyamides,*>’ >~

For plasticizing, it is preferable to use lacquer and adhesive polyvinylbutvral /35

of brands LA, LB, KA and KB, whnich blend better with resin. Plasticizaticn of the
binder with a small dose of pclyvinvlibutyral (up to 5%) decreases the internal

tresses and increases the impact strenzth of the material. Up to 30% concentra=-

tion, polyvinylbutyral is uniformly distributed amcng che macromolecules, so that

the modulus of elasticity aand the strain of the structure decrease. As the poly-
vinylbutyral content increases further, fine irregular inclusions appear which
adversely affect the properties of the binder (Table 17).
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Table 16

Properties of aliphatic epoxy resins

! Property {  DEG-1 | DEG-F | DEG-zh

i External appearance ! Low=-viscosity liquid

| Color From light-yellow to brown |
| Content of epoxy groups, % 24-26 j 11-14 ' 6-10 i

=

Table 17
Effect of plasticization with polyvinylbutyral on the physicomechanical properties
of epoxyphenol fiber glass plastics

Polyvinylbutyral content, % i

|
i Property
i

0 BT T 10
2 n‘ ! E
! Scrength alonz warp, kgf/mm”: ! | . !
s ! tensile | 66.0 { 65.8 { 58.0 |
[ Sending { 6.0 | 704 | 641 |
E compressive | 43,1 I 45.5 T62.0
! interlaminar shear | 6.9 | ZRE, Rl
i Elongation 7 | 1.8 | 201 ! 2.4
| Tensile strength ac 45° angle to foozhiss  Cgkay | odeed )
| warp, kgf/mm? i | | i
; Percentage elongation of specimen | el | 5. 75 ‘ 6.0 |
| at 45° angle to warp, % | I ‘
| Water absorption after 4 h of boiling | 0.33 | 0.36 | 0.40
| in water, % [ i | |
Bending strength after 4 h of boiling , 61/68  159.1/84 | 48.6/76
in water ! { { !
Remarks. - Polyviaylbutyral content given in percent of mass of epoxy resin.

. Water zbsorption determined on specimens nmeasuring 120 x 15 x 10 zm.
- WNumerator indicates absolute value of strenmgth in kgf/mm<; de-
nominator indicates percent of initial value.




Chapcter 2. REINFORCING MATERIALS

5. Composition of Glass and its Influence on the Properties of Fiber Glass
According to the adopted classificaticn, fiber glass is divided into the
following groups:
(a) with increased strengch and high strength;
(b) with altered crass sectional geometry;
(c) heac-resistant;
(d) semiconducting and current-conducting.
According to their strength, glass fibers may be divided into three groups:
(a) nigh-strengch (ae = 370-470 kgf/mm= or higher);

o
&

(b) 1increased strength (Je = 250-350 kgf/mm?);
(¢) normal streagth (s, = 150-250 x3f/zm 3.
The chief component cf glass is silicon dioxide Si0,. 1Its content is usual

no less than 50%. During the melting, various component3 are added to the zlass
aluminum oxide (Alﬂos). calcium oxide (Ca0), boric anhydride (3703). The propor

v
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of these components, i. =., the chemical composition of the glass, determines tt
principal strength and technological properties of the glass fiber. Thus, the
introduction of boric anhydride and aluminum oxide increases the atmespheric and
water resistance of the glass fiper and improves irs textile properties. The
addition of calcium oxide also increases the water resistancs as well as the hard-
ness. The presence of copper, bervllium and titandum oxides in the glass ccmposi-
tion improves the elastic properties of the fiber glass and its adhesion to the
binder. With rising percent ceontent of alkali metal oxides, the water resistance
and elastic progerties decrease.

At the present time, aluminoborosilicate glass containing 2o more than 1% /37
alxali metal oxides and conventionally designated alkali-free is usuallv emploved
in the production of structural fiber glass plastics. The glass has a relatively
low fusion temperature; its modulus of elasticity is 7.8 x 10° kgf/mm-, and the
tensile strength is 280 kgf/=m-.

Alkali-free glass fibers are also characterized by high heat resistance and
excellent electrical insulating properties. The composition of alkali-free z2lass
includes the relacively scarce anc expensive boric annydride, whose cost accounts
for up to 807 of the cost of the glass.

For this reason, instead of alkali-free glass, boron-free alkali glass con-
taining 5 to 15% alkali metal oxides is used in manv cases. Alkali fiber glass
nas lower tensile strength (by 15-20%) and modulus of elasticity (by 10-15%7),
and  reduced torsicnal resistance (by 12%). Its cost is 35% lower than that of
alkali-free glass.’’

Studies currently being conducted are aimed at finding new compositions of
boron-free or low-boron water-resistant glasses with properties equivalent to chose
of aluminoborosilicate glass. A whole serias of glass compositicns have been
developed in which the absence of boric anhydride is compensated bv introducing
zirconium and manganese oxide aad cther ccmponents while increasinz the content
of silicon dicxide.




New glass compositions containing 3% boric acid instead of 107 have been
creatad to reduce the cost, AL che present time, as much as 30% of all continuous
glass Ziber is prepared with an 8% boric anhydride content. The guality of these
tibers is equivalent to that of fibers based on aluminoborosilicate giass, the
cost being 10-12% lower.

The steadily increasing demand for hx;ﬁ—st'eng_u fiber zlass plastics has made
it necessary to develop new glass compositions for fiber glass whose tensile strength
and modulus of elasticity considerably exceed those of alkali-free fiber glass.

Among the many studies aimed at the creation of new fibers, one should note
the development of quartz fibers. Contiauous quartz fiber has the highest mechani-
cal strength, high melting point, dielectric properties which are high and stable
at various temperatures, low coefficient of thermal expansion, and low thermal
conductivity. Various studies have shown that the modulus of elasticity of glass
fiber increases by introducing metal oxides of groups II and III of che periodic
system into the glass composition. Thus, Aerojet Gene*al Corperation (USA) has
developed glass fibers of brands 29-A and 4H-1, with a high aluminum oxide content;
their modulus of tension and temsile at*engtw are 11.9 x 103 kgs f/om < and 562-708
b33 f/mm? (for 29-a glass) and 9.8 x 10° kgf/mm< and 482 %gf/mm * (for 4H-1 glass),
respectively, versus 7.8 x 10° kgf/wm- and 230 kgf/mm” for aluminoborosilicate
zlass. Fibers with a higher aluminum oxide ceontent as well as zirconia-silicate
fibers are currently made only under laboratory conditioms.

The elastic modulus of glass is inc:eased most effectively by beryllium oxide.
In the USA, beryllium oxide has been used in the ﬂanufac:;re o: glasses of brands
905 (Imperial Glass Co.) and UM 3lA (Owens Corning F rglas).®* Beryllium glass
fibers are no different in strength from alumxﬂoaorosilica e glassg, but have an
elastic modulus of (11.8-12.6) x 103 xgf/mm®. The chief disadvantage of bervilium
glasses is the high toxicity of beryllium, which limits the scope of its industrial
application.

Of considerable interest ars studies aimed at the development of nontoxic high-
modulus glasses containing cepper, titanium and zirconium oxides.

Glass fiber containing cuprous oxide has an elastic modulus of 2 x 10° kgf/mm<.”
According to the daca of the US Naval Ordnance 0ffice, fiber glass plastic basec
on copper-containing glass fiber has a modulus of tension of 5.6 x 10° kgf/ma“ for

parallel arrangement of the fibers.

Fibers of aluminotitanosilicate glass have a strength of 3
15%, and heat resistance 60° higher than fibers of aluminchoros
fibers are stable to water, acids, and alkalis.

O %, elastic modulus of
ilicace glass. These

A promising rew glass fiber is one with a high content of siliccn, aluminunm
and magnesium oxides and has a high tenmsile scrength (370-425 kgf/mm~) combined
with a high elastic modulus (9.5 x 19% kgf/wm?)

With further sharp increase in elastic modulus of the glasses, the density cf
'he fibers increases (2.9 g/cm®) and the strength decreases to 250 kgfi/mm <, this
being due to the microcrystalline structura of this tvpe of fiber. Because of
low viscosity, high surface rension and tendency to crystallize on cooling, high-
nmodulus 3lasses are morae difficult to convert into fibers.




In addition to enhancing the elastic properties of Iiber glass plastics by
changing the chemical composition of the glass, studies are now being aimed at increas- -
ing the rigidity of structures by using hollow glass fibers.-

The first reports of tests of hollcw fiber in a fiber glass plastic date back
to 1961. The use of hollow fibers makes it possible cto:
increase the flexural rigidity of the fiber glass plastic;
create a fiber glass plastic with higher heat-insulating properties due to
the lower thermal conductivity of hollow glass fiber in comparison to solid fider;

create a fiber glass plastic of low density and improved dielectric properties.

Abroad, research on fiber glass plastics based on hollow fibers is being con- /39
ducted by the General Electric Co., Thompson Fiber Glass, and others.

However, there are considerable difficulties and limitations on the uses
hollow fiber. Primarily, they include the:

0
"

difficulty in producing a hollow fiber yarn of uniform quality with a constant
coefficient of capillarity, so that one cannot definitively predict the strengtch
properties of the fiber glass plastic;

high semsitivity to the penetration of liquids into the internal cavity of the
fibers. The problem of capillarv penetraticn of liquids into unprotected ends or
cracks of the composites is as complex as the problem of penetration of the binder
into the fiber capillaries duriag fabrication, and makes it necessary to use
substantial thicknesses of the surface protective coating.

The phvsicomechanical properties of fiber glass plastic based on hollow zlass
fiber produced in the Soviet Union are:

Tensile strength, kg‘/::m2 00l FR 4R R 46.0
Bending strength, Kgf/mm> ...vuevvernennnnnns 72.0
Impact strength, kgf m/cm~ e L A 2.6
Modulus of normal elasticity, kgi/mm2. ....... 2.8 x 10°
Density, g/cm’ ey

soseecasneaevesessvenss 1.5

6. Woven and Nonwoven Glass-Reinforcing Fabrics

According to their mode of fabrication, reinforcing fabrics used in the produc-
tion of fiber glass plastics may be divided into two types: nonwoven and woven.
The nouwoven ones include fibers, filaments, varn, and lapse. Woven ones include
all 3lass fabrics of different types of weave.

Woven Fabrics. The industry produces a large number of glass fabrics differ-
ing 1in screngch mass, thickness and type of weave. Each type of glass fabrics
has its distinccive technological characteristics, which must be considered when

selecting a fabric for each type of article.

Fiber glass plastics are usually produced from glass fabric of calico {(linen)
serge (twill) and satin weaves based on twisted or untwisted threads.

Of major importance for glass fabrics used in the production of structural
fiber glass plastics is the waviness of the threads, i. e., the extent to which
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the threads devxace from the straight line when they are interwoven with perpendicnlar
threads. The less the waviness of the glass fabric threads, the greater the /
mechanical strength of the fiber glass plastics based on these fabrics. The ex-

tent of the waviness depends on the type of fabric weave and degree of twist.
Linen-woven glass fabrics have the maximum waviness; the overlap of threads in

these fabrics takes place at a 90° angle. The fibers in serg e-woven fabrics are
somewhat straighter than in linen-woven ones, and this has a positive effect on

the mechanical properties of the fiber glass plastic articles.

In satin-woven fabrics, the waviness of the threads is much less. This is
due to the fact that each thread of the warp or weft passes under five, eight or
other number of threads of the weft or warp.

Satin fabrics have a comparatively high density. Their formability and flexi-
bility are greater than those of linen and serge fabrics. Satin fabrics are widely
used as the reinforcing material in the production of articles for ship machin
building.

The assortment of fabrics adopted by the Sovier industry has been based chiefly
on the use of primary threads from glass spinners equipped with 100- and 200-
spinneret glass melters producing fiber 5-7 um in diameter.

At the same time, foreign experience shows the promise of using glass fabrics
from fibers 8-10 um in diamecrer and from thicker primary threads comnsisting of 400
to 800 filaments.

The development of a new glass-fabric manufacturing technology is aimed at
reducing the cost and increasing the strength is being conducted along the lines of
accelerating the glass-fiber-forming process and reducing the degree of twist
or eliminating it entirely.

An acceleration of the zlass-fiber-forming process is achieved by in-
treasing the fiber diameter and number of soinnerets of the glass-melting container.
With increasing diameter of the elementary glass fiber, the output of glass-spinning
assemblies sharply increases. When the optimum forming conditions and a high
degree of homogeneity of the glass mass are achieved, the strength of a glass fiber
9-11 unm in diameter is essentially the same as that of glass fiber 5-7 um in diameter.
The use of glass fiber 9-11 um instead of 5-7 um in diameter for fiber glass plastics
makes it possible to increase the volume of production of primary glass thread
from existing production areas by 30-60%.7° 5

The output of a glass-spinning assembly is practically directly properticnal
to the number of spinnerets of the glass-melting container. In the last few years,
the use of 400- and 800-spinneret containers has sharply increased. Twelve-hundred-
spinneret containers are now being tested.

Fabrics have been made from threads thickened by using 400-spinneret containers
with a fiber diameter of 5-7 pum (400-filament primary thread instead of a 200-fila-
ment one), and by simultzaneously increasing the fiber diameter to 9-11 um and using
400-filament primary threads.

In the first case, in the production of glass Zabri
primary thread without a change in fiber diameter, the £
of cthe glass fabrics (numbers of the threads, density of
changed. In order to ensure a constancy of the final structu
glass fiber, the number of ends during the twisting of the th
is decreased.
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Thus, the most popular satin-woven fabric, of brand ASTT(p)-3,-3/3, with a

thickness of 0.29-0.32 mm, nhad previously been made from glass fiber 5-7 .m in
diazeter and a 200-rfilament primary thread. During twisting and folding, a

“balanced" thread with a metric number of 9, rtwist of 100 and number of ends 5
has been obtained. A new technology of productzion of ASTT(b)-5, fabric has been
developed, using a 400-filament thread with an elementary fiber diameter of 5-7
«m. In order to obtain a "balanced" thread of the same thickness, as befocre,
the number of ends is decreased from 6 to 3. The use of such a fabric provides
for the preservation of the quality characteristics of fiber glass plastics based
on it, with a 13-17% decrease in the cost of the fabric.

Much more effective is the use of glass fabrics in which the fiber diameter
and filament content of the primary threads are simultanmeously increased. Such
fabrics are made from 400-filament primary threads with a fiber diameter of 9-11
um and are thicker than those they replace. At the same time, the structures of
the new fabrics have been corrected, and the twist of the threads decreased (from
100 t/m to 50 t/m). The principal characteristics of the fabrics devised are
given in Table 18.

Use of the new structures makes it possible to reduce the cost of the fabrics
derably by increasing the productivity of the equipment. Thus, in the manu-
re of fabric of brand T-22-78, which can be substituted for ASTT(b)-S, fabric,

O
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1d reduction in labor cost per kg of mass is achieved by using existing
ment. Adoption of new textile equipment specially designed for the manu-
of the new fabric structures can reduce the labor costs by a factor of

Research aimed at the complete elimination of the twisting operation has led
to the creation of a new type of fabrics - braid fabrics. Glass braid fabrics are
also made on weaving machines from untwisted elementary fibers 9-11 um in diameter
and have a dense or serge weave. The cost of braid fabrics is 2-2.5 times lower
than that of fabrics from twisted threads.

The use of braid fabrics permits the fullest utilization of the theoretical
streageth of the glass fiber, since twisting of the thread is inevitably associated
with a loss of strength due to the mechanical destruction of some of the fibers
and their nonuniforz tension in the threads. The use of braid fabrics permits
the most effective application of the strength and elastic properties of fibers
of high~-modulus glass.

The fraction of braid fabrics in the total volume of glass fabric production
increases each vear. .

In the case of manufacture of articles with a predominant strength in a
given direction, it is desirable to use so-called cord or unidirectional fabrics
possessing  high mechanical strength in one of the directions in comparison with
the strength in the perpendicular direction. To enhance this effect, threads
of higher strength ara included in certain cord fabrics in one of the directionms.
Cord fabrics may be made from both twisted and untwisted threads. The latter
provide for a 10-15% increase in the strength of glass fabric resin laminates and
3 substantial decrease of their cost.

The fabdbrics 4
dces not exceed l.

w®

scribed above have a two-diimensional weave, and their thickness
2.0 mm. A promising ctrend is the creation of fabrics with
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a three-dimensional weave, i. e., multilayered fabrics. The latter can be formed
by using any glass fabric, then bonding the layers.

The brearing strength of a specimen of mulrilayered glass fabric is determined
by the strength of the fiber, density, and angle made by the threads with the fahbric
surface. B8y changing this angle, i. e., the fabric structure, cne can increase the
degree of ucilizacion of the strength of the thread in the fabric.

Table 18
Properties of glass fabrics

| | gDensicy (nuw~| t - | Tensile :f w
f ber of { ) % | stremgeh, (%2 |
Structure i Brand f:hreads per | = ¥ ﬁ _ | kgf Hors -
) | icm i m“‘! S 8| 'S a I
i : ' T 2% 2| . i &
| t | warp lweave = o~ :y = | Warp IWeft 2= Y
‘ .! : ‘ ‘ ‘ \
t Satin weave | TS-8/3-250 | 36 | 20 (290 10.23 '250 145 | 5-7
i | ASTT(b)-5,-8/3 | 24 | 10 (390 10.36 [230 |160 |5-7 |
! { 1-22-78° | 11} 8 }620 0.53 {410 330 [9-11 |
il
‘ ; : T ‘
' Linen weave ; T-18-78 {6 [ 6 (400 [0.40 230 [230 [9-11 |
{ T-20-78 | 5 | 5 |500 [0.50 |380 {380 {9-11 |
‘ , | j
| Braid, linen | TZhs-0, 7 | % | 19 !780 j0.72 {400 300 [9-1i |
i weave ! I | | 1 { i |
1 { i 1 |
! Braid, cord | T-25-78 10 | 10 {320 [0.26 l380 25 l9-11
i ! ! ! i
weave i ! | i | | |
T ] ! \
| Mulciplie | WIBS-1, 8 | 34 | 5.4 11600 (1.8 !550 (700 |9-11
! ' [ | y ] {
However, in any structure of a multilayered 3lass fabric substantial distor- /43

tions of the threads of the warp and waft are inevitable, causing a regzular de-
crease in the rupture strength of the glass fabric and in the tensile, compressive
and bending strengths of the fiber glass plastics.

For hot prassing, use may be made of multilayerad zlass fabrics no more than
1.8«2 mm thick, because of the technological difficulties arising durinz che im-
pregnation of multilayered glass fabrics of large thicknesses.

Multilavered fabrics up to 2 =m thick find limited applicacion in the produc-
tion of hot-pressed fiber glass plastics because of their high cost (5-10 times
higher than the cost of analogous fabric with a two-dimensional weave). The
principal characteristics of thesa fiber glass plastics based on various glass
fabrics are shown in Table 19,

Nonwoven fabrics. Nonwoven fiber glass fabrics aras made chieflv from untwisted
primary threads with a fiber diamater of 10-1% .m instead of 5~9 .m; as a result,
the productivity of glass-spinning equipment increases threefold.




Table 1§
Properties of epoxyamine fiber glass plastics based on different glass fabrics

‘ {ASTT(b)-S,- |T-22-78 | TZns-0, 7 | T-25-78 | MTES-1, 3!

| Property ! 8/3 I | |

. | 'JatpL'a'ef: iWarp{k'eft \Warp (Weft Warp|Weft Warp Weft |

‘ & “f : T ’ 1 | { : :

| Strength, kgf/mm=) i ' | | ‘ i

| tensile | 75 ‘ 65 | 78166 ez |65 ls6 3.3 |0 ! 31

\ bending | 78 |65 | 83 | 70 85 70 101 |2 [ 70 | 54 |

| compresstve |52 |40 |sei42 |36 |40 (60 15 |38 | 35 |

| interlaminar i 7.2 | Tz i 7.2; 7.2 | 6.9 | 6.9 16.8 16.8 | 6.2 | 6.2

| shear ! ‘ ! | i | | i

| Impace screngeh, | 4.5 | 3.4 | 45| 3.5 | a6 |36 7.0 {12 s | g2
3 : ‘ : v | | ,

| o E6f miem | ] | ol | LR O '

| Modulus of ten- ’ 3.0 | 2.4 1 03.0f 2.4 3.2 0 2,5 f4.7 (1.7 .50 2.1

! sionm, 10° ‘ { ! 1 i | | i i |

In the production of nonwoven fabrics, twisting and weaving are complately
eliminated, so that all the operations of the technological process of their maau-
facture can be mechanized and automated, and the cost can pe reduced by a factor
of two-three in comparison with woven fabrics.

Among nonwoven fabrics in ship machine building, use is made of zlass fiber
press materials AG-4S, 27-63s and 33-18s based on suitablv modified aniline-
formaldehyde, epoxy-phenol and epoxy-polyurethane binders. The properties of
fiber glass plastics basad on unidirecticnal press materials are presented in
Table 20.

Table 20
Mechanical properties of fiber glass plastics {44

Property | 27638 I 33-18s | AG-4S

Strength, kgf/mm:: i

|

| tensile | 92.0 | 90.0 35.0

| compressive | 50.0 : 52.0 . 40.0

{ bending | 95.5 | 97.4 80.0
Moduius of tension, 103 xgf/mm? i 4.8 | 4.7 &3 |

Another type of nonwoven material is SVAM. The method of fabrication of a
press material based on it consists in orienting the glass monofilaments parallel
to sach other while applying the binder om them. A material analogous to SVAM
has found extensive applications in many countries, for example, the Scotchply
matarial i{s produced ia the United 3States. -




SVAM is produced in the form of sheets with a unidirectional or crosswise
structure of the glass fibers. It is used as an electrical and structural
material and has high mechanical strength. The mechanical properties oI this
fiber glass plastic are given in Table 21.

Table 21

Mechanical properties of SVAM fiber glass plastic and fiber glass plastic with
alternating layvers of laminated fiber glass sheet and glass fabric AS‘I‘T(b)-S2
based on epoxyphenol binder

‘ 7 7 R

! Modulus of | Strength, kgf’/mm < |
i tension, ‘ !
! Fiber Glass Plastic 110° kgf/mm< | Tensile |Bending |Compressive

T 1 !
i )\ 1 1 \ - =
! !Warp |Weft |Warp|Weft |Warp |Weft!Warf Weft

| SVaM with 10:1 structure 4.8 | 1.8 ‘80.0‘ 9 196.0 !16.0158.0 {19.5
| With alternating layers of 4.0 | 2.1 |80.0|27 139.0(53.0 [24.0 |

{ i
| | |
{laminated fiber glass sneet |
iand ASTT(b)-3, glass fabric * '

= i

| |
| |

Certain researchers’? indicate the following drawbacks of SVAM material:
presence of internal stresses due to different lengths of the fibers and upper
layers, more difficult conditions of removal of volatiles during the producticn
of SVAM, a considerable spread of the physicomechanical properties due to distor- /46
tion of the fiber direction during the removal of the fiber glass sheet, lower
fatigue strength of SVAM, and, in comparison with glass fabric resin laminates,
greater bittleness of monofil 14 um in diameter.

Among nonwoven fiberglas fabrics in rolls, of interest is a cross-type rigid
fabric of braided or twisted threads. The output of the equipment during its
fabrication increases by a factor of 10-15 in comparison with woven fiber glass
fabrics. Accordiag to the calculations of Ref, 70, cross-type rigid fiber glass
fabric produced on an industrial scale can be one-half or one-third as exrensive
as similar braid fabrics. The position of the threads relative to each other is
fixed by bonding. With nonwoven cross-type fabric used as the base, articles are
nade by methods of hot pressing, contact molding and winding.

One of the modifications of cross-type fiber glass fabric is VPR-10 knitted-
sewn reinforcing fabric. This type of fabric is characterized by the fact that
the perpendicular systemsof untwisted threads are not bonded but Zied by the werft
knitting method. It is more flexible and elastic than rigid cross-type fabric
while at the same time retaining all of its advantages.

The production of knitted-sewn fabrics has been mastered by the Soviet industry.
The strength properties of {iber glass plastics based on VPR-10 are 25-30% te-
low those of fiber glass piastics based on glass fabrics.

Combined reinforcement. The quantity of reinforcing fabrics now in production
does not effectively provide for the ratio of warp to weft strength required in
structures. [a some cases, to achieve this ratio in structures, it is desirable
to use industrially produced satin or liren glass fabrics ccmbined with cord-weave
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glass fabrics or nonwoven fabrics. Such a combination in suitable proportions
makes it possible to obtain the required ratio of mechanical properties. Know-
ing the mechanical properties of fiber glass plastics based on each brand of re-
inforcing fabric used individually, one can calculate, with an accuracy adequate
for practical purposes, the expected strength properties of the combined fabri
by using Zormulas (1)-(4), on che basis of the percentage ratio of the materials
(or on the basis of areas occupied in the cross section of the structure):

oQ=—,’:—E‘ a.F,. (1)

fami

where Z,, 3, are the tansile strengths of the composite and individual component,

5 respectively;
F, F, are the cross-sectional areas of the specimen and component;
- "
E,s—l\‘ EF., (2)
=
whare Et’ Ei are the moduli of tension of the composite and individual component;
18
g =— N U.hl‘- 3)
2 j l-:

wnerse Ty 3y are the bending strengths of the composite and individual compcnent;

i) Ji are the moments of inertia of the cross sectioms of the specimen and
individual compeonent;

”n
% Ed o

whera Eb' Ei are the moduli of flexure of the composite and individual component.

Table 22 presents data characterizing the mechanical properties of cemposite
fiber glass plastics prepared by using TS-8/3-250 satin glass fabric and cord
braid 2zlass fabric. To obtain a more homogeneous composition, satin and cord-
weave glass fabric layers alternate regularly.

Parcicularly desirable is the use of composite reinforcement when high-codulus
glasses are used. It is well known that the strength and elastic properties of
high~modulus fiber are preserved most fully whea the fabrics are
nade from untwisted threads. t 1s therefore uneconomical to make them from

Table 23
Strength and elastic properties cof epoxyamine fiber glass plastics based an cord
glass fabric

{ Glass
4
f ! T T !
; Propetey | Copper-con- | Aluminoboro- | j
i taining | silicate |High-modulus !
{ 2 . 1 { ‘
Warp strength, xgf/mm": ) i |
tensile 93.0 | 96.0 { 102.0
compressive { 63.0 60.0 63.0 I
Sending , | 107.0 101.0 | 110.0
Impact strength, kgf m/ca” 7.4 6.2 | 7.2 ‘
Modulus of tension, 10° | | |
%gf/mm< [ i {
37
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Table 24
Strengch and elastic properties orf epoxyphenol fi
glass fapbrics ASTT(b)S, and T-25-78 with alternat

ber glass plastics based on /48
ing layers

| ! Glass

| Property 1

| {Copper-containing | Aluminoborosili-

| i ! cate j
t Strength, kgf/mzz: ? 1 !
| tensile | 88.0/31.0 83.0/29.0 {
3 compressive | 49.0/27.0 | 46.0/25.0 ;’
| bending 3 , | 93.0/38.0 | 88.0/35.0

’ Modulus of temsion, 10 kzf/mm” 4.8/2.4 \ 4.0/2.0

]

|

Note. Numerator - warp data; dencminacor - weft dacta. |

high-modulus glasses of satin weave fabric, since the cost is considerably in-
creased for a slight zain in strength.

Tables 23 and 24 show the strength and elastic properties of composite fiber
glass plastics based on cord and satin glass fadrics of high-modulus and
aluminoborosilicate glass in a ratio of l:l with alternacing layers.

-

7. VNew Types of Reinfcrcing Materials

New types of reinforcing materiazls are daveloped for the purpose of axpanding
the assortment of composites hraving either lower density or better strength and
elastic properties as well as higher heat stability.

Inorgzanic materials. Among new fibers, of considerable interest are boron
fiers, produced abroad in a diameter of 0.07-C.1 mm under the brand name borofil.
Borofil fibers have a tensile strength up to 300 vgf/zm? and elastic modulus up
to 41 x 10° %gf/mm~. After fatigue tests with a base of 107 cycles, boron fibers
retain up to 50% of their initial streagth.

Borofil is produced by depositing boron from the gaseous phase on a tungsten
wire 0.01-0.012 am in diameter heated to 1110°C. Tae fier obtained contains
intermediate cungsten ocoride w~35 type compounds between the tungsten core and the

rough outer cellular surface of amorphous boron. The fidber surface has no micro-
cracks, pits, or other defects.*

Zecauge of different coefficients of linecar thermal expansion of boron /49
(8.24 x 1075 °c=!) and tungsten (4.16 x 10~® L 1), radial cracks running from
the center to the periphery are formed inside borofil fibers. Studies almed at
perfecting boron fibers are being conducted. 1In particular, treatment of the fiber
with nitric acid increases the tensile strength by a factor of three to four.

The high cost of boron plastics limits their application as an independent
structural material. A combinaticn of boron and glass plastics is equently

g
s have been completed i{a the

and
emploved in comstructiaons. Thus, successful test




on blades of a helicoptar rotor whose spar and trailing edge are made of boron
plastic, and the remaining part of the blade is made of fiber glass plastic.*

The Teyko* Co. (USA) has produced a sinzle-crystal sapphire fiber 30.5 m
from aluminum oxide. The sapphire fiber is equivalent to glass fiber in stre
but is much superior to it in elastic properties IE: = {45-49) x 10° kgf/mm<].

Carbon (or 3raphite) fibers are made by carbonizing organic textile fibers,
for example acrylonicrile ones. Because of their low demsity (1.7-2.0 g/cz=?),
they greatly surpass all other fibers in tensile strength weight ratio and rigidity.
Carbon fibers are resistant to wacer, chemicals and wear at high temperatures.
They are compatible with epoxy and polyimide binders.‘

Carbon fiters have a polycrystalline structure thanks to heat treatz:ent and
strecching of the atoms, providing for the highest strength and rigidity along the
fiber axis.

Carbon fibers obtained by heat treatment at 1000°C have a tensile strength of
the order of 200 kgf/mm~ and an elastic modulus of 42 x 107 kgf/mm”.

At a heat treatment cemperature of 2300-2700°C, graphite fibers are cbtained
which possess a better structure and better properties,with a streangth of 290-
300 kxgf/=m=<.

In the near future, a substantial expansion of the use of graphite fibers is
expected as a result of a marked anticipaced drop of prices of this material.
Grapnice fibers made by the Great Lakes Carbon Co. have an elastic modulus ranging
from 21000 to 42,000 kgf/mmz. The material is made as a coatinucus filaxzent,
which makes it possible to produce long ribbons for reinforcing epoxy resins. An
epoxy”laminate with a filler of graphite fibers having an elastic modulus of
about 42,000 %gf/mm~ nas a bending strength of 120‘kgf/mm2, tensile streagth of
105 kgf/mm?, and compressive strangth of 84 kgf/mm-.

Most widely used at the prasent time ara graphite fibers for reinforcing epoxy
regins in aviation and space technology; thev are also beginninz to be used in
shipbuilding. US Navy researchers have come to the conclusion that an epoxy plastic
reinforced with 3rapnite is more promising than fiber glass plastics, since it /50
is marked by a higher mcdulus, lower density, and high fatigue strength.

British experts are planning to use graphite fibers in the production of
rotating parts of compressors, centrifuges and various electromechanical devices,
as well as in the textile industry. Using the Hifil carbon fiber reinforced
plastic, the Rolls Royce Co. makes fan blades 2400 mm in diameter and compressor
parts.

Organic materials. In recent years, studies have been made indicating the
possibility of using organic fibers for reinforcing polyester and epoxy binders.
Laminates based on orgzanic fibers (organic plastics) have low density (1.15-
1.25 g/em®), attractive dielectric properties (at 10° Hz, ¢ = 2.2-2.8; tané =
0.0115), vibration resistance, and high fatigue streagt:

*Transliteration of Russian spelling.
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The reinforcing materials used may be fabrics from fiber
nitron (acrylonitrile) and polypropylene. Of these. :a
strongest ones. Minimum elongation (13-14%) and st
by nitron fabric.

Reinforcing materials based on organic fibers differ considerably
resisctance. Results of determination of the strength of fabrics after
boiling in seawater are given in Table 25. In nitron fabrics, the loss of
strangth is 14-15X. The strength of lavsan fabrics remains practically unchanged.

Table 25
Properties of fabrics made of organic and glass fibers

§ !Breaking load ngation of |Shrinkagze

! |of fabricstrip s
£

ip at rup- jafter boiling,!
| {25 x 100 am, |ture, % L% {
i Fiber and Fabric Article tkaf ‘ ‘
] i - =< - i 0 | [
| | o e | wm | = £ T
l o e S B s S (i (- T |
* I 2 123 2 ogEz 5y sz
i | o= < 2 = l=E 20 = 3 i
i | ! ]
} Polypropvlene, art. 23352 E19o.o | 225.8 | 41.6 | 56.8 f 6.0 73
; Nitron art. 23455/1 ER S U T S S
1 Lavsan art. 23372/1 ]:oo.s i 198.0 | 19.4 | 25.0 ‘ 2E0NNO S
, Lavsan art. 23372/2 1206.5 | 211.8 | 23.6 | 25.0 | 1.5 | 4.5 |
i Capron art. 22338 1379.2 | 323.0 | 4.76| 53.6 | - | 4.8
i Glass fabric ASTT()-S, (a/f | 269.2 107.6 | 3.2 | 1.0 | - | -
| glass R | [ | | i | {
|~ Glass fabric ASTT(b)-S, (T-273a| 204.6{ 166.8 | 3.2 | 2.0 | = | = |
| slass) i | ’ i - ! -

In polynropylene and nitron fabrics, the strength increases* by 19% and 73,
respectively, after boiling in seawater. For compariscn, one can note that under
similar testing conditions, glass fabric of alkali-free glass (a/f) loses 50% of
ts initial strength. In all organic fiber fabrics, snrinkage and an increase

in breaking elongation are observed. The greatest shrinkage (7-7.3%) is exhibited

by samples of polypropvlene fabrics.

The use of organic fibers makes it possible to increase the water resistance
of an organic plastic in comparison with a fiber glass plastic The strength and
water resistance of an organic plastic are detarmined not onlv by the chemical
structure of the organic fibers, but also by the structure of the fabric. The
best mechanical properties and water resistance are those of organic plastics
based on satin weave, since this structure provides for higher-quality impregna-
tion with the binder and better solidity of the organic plastic.

Fabrics made of organic fibers are impreznated wi andard
vertical-type impregnacing machines. A 30-347% resin c

-
o]

*Sic {translator].




provided for at the same binder concentrations as in the impregnation of gla
fabric. The conditions of pressing for organic plastics are analogous to those
for fiber glass plastics based on the same binders.

S

During the pressing of organic fiber Zabrics, it is necessary to consider the
shrinkage, which for lavsan fabrics is as high as 15-20%. Fabric shrinkage accounts
for the formacion of internal stresses. To reduce it in the course of pressing,
the fabric prior to che impregnation should be subjected to heat treatment at a
temperature close to the pressing temperature. In comparison with the initial
fabric, the strength of the heat-treated fabric decreases by cnly 1-3%, and the
elongation at rupture remains practically unchanged.

A characteristic feature of organic plastics is their capacity for high deforma-
tions - the elongaticn at rupture is 17-20%. The proportionality limit in ex-
tension in the direction of the warp is 3.7-3.9 kgf/mm<, in the directicn of the

weft 2.7-3.0 kgf/mm<, and at a 45° angle, 2.4-2.6 xgf/mm<.

In tensile deformations up to 3-3.5%, the main load i{s bornme by the binde
which acts as a rigid matrix that redistributes the stresses among the fibers.
As cthe elongation increases furcher, the rigid matrix cracks, and its function &
to be assumed by the boundary layer between the filler and the binder, formed dur
the pressing and consisting ¢f a block copolymer of the binder and lavsan.“<

"

The block copolymer is formed by the reaction of epoxy groups of the binder
and terminal hydroxyl groups of polyethylene terephthalate (lavsan).

At elongations of 3-10%, which cause rupture of this elastic block co-
polymer, delamination of the sample takes place. Further load is received by in
dividual layers of the plastic, which break under the load.

In compression tests, orgzanic plastic is capable of functioning as a mono-
lichic macterial up to stresses of 8.0-10.0 kgf/mmZ, the deformation being 10%.
As the stresses increase, flow of the organic plastic begins. In static bending
tests, specimens of organic plastic also show considerable deformationms.

When the maximum load is reached, the specimens bend without breaking. Mic
ructural analysis has shown that no destruction of the fabric takes place in tt
region of maximum flexure of the specimens. The thermal recovery capacity of
organic plastics has been noted.® = After being kept for 2 hours at an elevated
temperature. specimens bent during testing recover their shape and streng:h.
Heating of the specimens accelerates relaxation processes, leading to a rapid re=-
covery of the shape and strength of the specimens.

In contrast to fiber glass plastics, organic plastics are characterized
by appraciable creep. Thus, aftar 300 h under tensile stresses of 2.0-3.0 kaf
the elongaticn is 1.96%, and under strasses of 9.0 kgf 2, it increases to
Cat 20°C).

/mm <
ams,

The use of composite fillers based on organic and glass fiders is effective for
many structures. Glass fibers impart strength and rigidicy to a composite matarial.
Depending on the proportion of the components and node of their arrangement, ccmbined
plastics change their strength characteristics over wide limits.




As an example, Table 26 gives the strength and elastic properties of combined
plastics made from epoxyamine binder, glass fabric and lavsun fabric. As is
evident from the table, with increasing glass conctent, all the strength properties
of the material increase regularly from values characteristic of organic plastics
to those characteristic of fiber glass plastics, and the density also increases,
from 1.26 to 1.95 g/cm’.

Table 26
Properties of composite plastics based on lavsan and fiber glass fabric

Strength, kgf/mn?

Reinforcement scheme

i
|
!
1
]
i

} tensile Fcompressivef bending ;
| . 1
| Lavsan (100%) | 200 | 140 |13.8 |
' Fiber glass fabric (100%) i 80.0 [RN550 ! B5.0 ‘
{ Lavsar outar lavers (70%) ! 31.0 ! 18.0 { 18.2 |
| " i o (50%) | 41.3 | 253 ; 28.6 {
! g b v (30%) | 55.4 ! 36.6 (43,4 i
| Fiber glass fabric outer lavers (307%) | 27.8 ! 19.5 | 49.6 !
| | ¥ i 4 K (50%) | 40.2 i 27.3 | 64.3 !
! i " " i u (76%) | 50.0 I 40.0 i 78.0 :
! Alternating layers | 45.0 ! 28.0 | 42.6 i
3. Watar-Repellent Adhesive Treatment of Reinforcing Fabrics
One of the decisive factors affecting the physicomechanical properties of a /53

fiber glass plastic is the strength of the adhesiva bond between the fiber and

the polymer binder. The interaction of the binder with the glass fiber is a fair-
ly complex process that is determined by many physicomechanical and physicochemical
factors: the actual contact area, internal stresses, friction, surface tensica,

and effect of the glass fiber on the curing processes.

There are two basic points of view regarding the nature of adhesion between
the binder and the glass fider.?» “» 19, 2Y  jccording to the first, adhesion
strength is almost completely determined by the physical contact resulting from
shrinkage of the binder on curing. Adherents to the second point of view asserc
the possibility of formation of a chemical bond in the glass fiber-biander
system. In the interaction of epoxy binders with glass fiber, a chemical reaction
is pestulated between the epoxy groups of the bindzsr and the hydroxyl sroups on
the surface of the zlass fiber, with the formation of strong bonds.

The properties of polymers present in thin layers con the solid surface of the
filler differ markedly from those of polymers in the volume.33 On the suriace of
the filler, the zlass transition temperature of the polymer rises, and the relaxa-
tion propertias change as a result of the liaitation of the segaental mobility of
zacromolecules by the solid surface. Glass fiber may also considerably affect the
curing of the binder, catalyzing or inhibiting the rate of the curing reaction.

se of curing of the binder, because of the dif
thermal expansion of glass and binder, internmal

w o
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their intarface. The concentraticn of residual stresses and stresses due to
ternal loads is one of the causes of <rack formation 4in the fiber glass plastic.
If the adhesion between the glass fiber and binder is similar to the cohesive strenzth
of the binder, the fibers will block the propagaticn of cracks, and the surface

of contact between the binder and glass will remain intact. If however the adhesive
strength Of this system is much lower than the cohesive strength of the binder,

the tensile stresses will cause the breakdown of the contact suriace.

In view of the fact that in the overwhelming majority of cases, the fiber is
treated with technological lubricants, major importance is assumed bv the chemical
reactions between the binder and lubricant and between the latter and the zlass
fiber.

The technological lubricant applied during the drawing of glass fiber protects /54
the fibers from wear, bonds the monofilaments to form a thread, and protects
the threads frco mechanical damage during texrile processing and from the action
of moiscure.

The nature of their interaction is of course determined primarily by the
chemical composition of the lubricant. Thus, when paraffin emulsion, which is
an aqueous enulsion of the chemically inert substances paraffin, stearin, transformer
oil and vaseline, and is widely employed in induscry, is used as the technelogical
lubricant, the wettabillty of glass fiber is raduced, and chemical interaction at
thie interface is practically abszat. When surfaccants and water-repellent adhesive
substances (sizing agents) are used for treating the glass fiber, hydrolycicaily
stable chexmical bonds are formed between the binder, sizing agent and glass fiber,
the wetting conditions improve counsiderably, and there is formed a continucus transi-
tion from the binder to the glass fiber through the surface layer of sizing agent.

Depending on the polarity of the sizing agent, the adhesive strength between
the binder and glass fiber passes through a maximum and, as the pclarityv increases
above a certain limit, falls off. In this case, the orientation of the molecules
of the sizing agent on the surface of the glass fiber is very important.

The sizing agents used are monomeric organosilicon compounds whose composition
includes various rz2active functional groups (viayl, methacryl, phenyl, epoxy,
amino and imino groups, =2tc.), chromium complexes of methacrylic acid, or organo-
phosphorus ccmpounds.

The formation of bonds stable to the action of solar radiastion has been
established during the interaction of functional phosphorus-containing groups with
the glass surface. Tiber glass plastics based on glass fiber treated with an
organophospnorus sizing agent sxnibit high bending strength but low water
resistance, due to the hydrolyzability of organcphosphorus compounds.

Salts of polyvalenc metals have recently been widely employed as sizing ageats.
Salts of such metals as aluminum, titanium, copper, iron, etc., are emploved. Good
results have been obtained by treating glass fiber with chromium chloride. The
chromium oxide formed on the surface of the zlass is not only strongly bonded to
the zlass fiber, but also interaccs with the polar groups of the binder. The in-
crease in the strength of fiber glass plastics due to treatment of the glass fi
with aluminum and titanium chlorides is particularly appreciable at higher temp
tures. Treatment with titanium tetrachloride promotes the attachment of epoxy
groups to the surface of the glass fiber.

oe
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In each individual case, the choice cf the sizing agent composition is deter- /5
2ine¢ by the type of binder employed.

w
ur

Monomeric organosilicon compounds containing amino groups are used for epoxy-
glass plastics in the USSR and abroad. The amine groups of the sizing agent react
with the epoxy groups, forming interfacial bonds stable in a neutral aqueous medium.

Among organosilicon sizing agents, of interest are the following compounds: v=
aminopropyltriethoxysilane (AGM~9), aminchexamethylenaminomethyltriethoxysilane
(AGM=3) and N-diethylmethylenetriethoxvsilane (ADE-3). Abroad, compounds similar
in structure to AGM-9 are known under the designations A-1100 (USA) anc 3100-W (France).
In addition to these compounds, epoxy derivatives of silanes are employed. In
the USSR, the product ES, epoxypropoxyproprltriethoxysilane,is employed.

At the present time, all known methods of treatment of fiber with water-vrepellent
adhesive products may be divided into three groups:

thermochemical treatment;

introduction of water-repellent adhesive products into the composition of the
tinder;

introduction of water-repellent adhesive products into the compositioun of the
sizing agent.

Thermochemical treatment. This treatment consists ¢f two basic operations -
removal of inert lubricant (paraffin emulsion) and application of sizing agent.

Removal of the lubricant may be carried out by caramelizatica, thermal purifica-
tion, and washing.

The caramelization method consists in thermal tresatment of the glass fabric
at a tamperature up to 300°C, part of the lubricant being volatilized. The caramel-
ized glass fabric has a golden brown color, and its residual lubricant content is
up to 0.5% (instead of 2-37% in the original glass fabric).

Thermal purification of glass fabrics is achieved by treating them at 330-300°C,
thus obtaining a more complete removal of <he lubricant, down to 0.1-0.2%. Thermal
purification is the most common method of lubricant removal and is usually accomplished
oy the continuous method in vertical ovens.

The washing method consists in treating the glass fabric with special composi-
tions (benzine, oleic acid, etc.). The glass fabric is passed through a series of
baths with solvents, washed with water, and dried. The lubricant content of t
washed glass fabric is 0.3-0.5%. The use of ultrasound during the washing makes
it possible 2o replace the toxic solvent compositicns with water.

After the lubricant nas beea remcved, che fabric i{s hygroscopic and should
therafore be immediately treated with watar-rapellent adhesive compositions
(sizing agents]. The chemical treatment is carried cut with dilute aqueous solu-
tions (concentration, 0.5-5%) of sizing agents Zollowed by washing with water and
drving. The content of the sizing agent is 0.25Z%. The chief disadvantage of the
thermochenical treatment is the reduction in fabric strength from 25 to 5Q%.

Addition of water-iepellenc adhesive products to the binder composition.
This mechiod is @2asy to apply cechnologically, and can be carried out by using z
«wide assortment of compounds, whereas the thermochemical treatment is confined caly
to compounds soluble in water or alcohol. However, as in the thermcchemical treat-




ment, it is first necessary to remove the lubricant, i. e., paraifin emulsion.

The chemically active compounds used for Lﬂ[todu;t;oﬂ into the binder are organo-
silicon products containing amino groups (AGM-9, AM-2, ADE-3), hydroxyl grours
(MR-1) and epoxy groups (ES). In the ideal ‘ase. the introduction of organo-
silicon products into the binder involves their migration to the surface of the
glass fibers, hydrolvsis of alkoxy groups by moisture present on this surface or
in the binder, and interaction of the sizing agents with the glass.’' The intro-
duction of sizing agents into the binder decreases the residual stresses at the
glass fiber - binder interface. It has been found’' that the best water-repellent
effect is achieved by introducing the sizing agents in the amount of 3%.

Introduction of water-repellent adhesive products ianto the composition of the
lubricant. This method is the most advanced and considerably simplifies the
technology of production of reinforcing materials, since the operations of applica-

tion of technmological lubricants and water-rep2llent adhesive treatment are combdbined,

and the operation of removal of the inert lubricant, associated with a loss of
strength of the glass fabric, is excluded.

Lubticants based on the products AGH-3 (lubricant 652), ADE-3 (lubricant 752)
and AGM-9 (lubricants 78 and 80) have been developed for epoxy-giass plastics.
Product 0S-20 is added as the emulsifier, and dibutyl sebacate is added as the
plasticizer. A mixture of these products is applied on the fibers from a 5%
aqueous sclution. The content of adhesive lubricant on the fabric is about 173.

The effsctiveness of the waterproofing may be estimated from the strength
and dielectric propercies of the fiber glass plastics.

Considering that the chief purpose of the waterproofing adhesive treatment
is the stabilization of the properties of the fiber glass plastic in a moist medium,
of greatest interest are data on the change in these characteristics after exposure
to water. The greatest stability of the properties of fiber glass plastics in
water is provided by waterproofing adhesive lubricants 6532, 78 and 20. Thus, where-
as the decrease in strength after 240 days in water is 25-307% when paraffia emul-
sion is used, it is about 14-157% when lubricant 652 is emploved (Table 27).

Particularly appreciable is the positive effect of waterproofing on the change
in the dieleciric properties in water (Figs. 2 and 3). Thus, even a 30-minute boil
ing of epoxyphenol fiber glass plastic with paraff in lubricant increases the di-
electric loss tangent from 1.72 x 102 to 8.9 x 10'-, whereas for sized fiber
31&%3 plastics (AGM-9 sizing agent), after 6 hours' boiling, this value is 4.15 x
10-4,

An important property of fiber glass plastics for shipbuilding applicatioms
is their durability in water. Tests have shown'? that durability in water in pure
bending is the most sensitive method of estimating the effectiveness of watarproof-
ing adhesive treatment. The long-time strength in water in bending with a base of
1000 h for epoxyphnenol fiber glass plastics with a paraffin lubricant is 0.45 of
the long-time bending stra2ngth, and for analogous fiber glass plastics with lubri-
cant 652, 0.65 of the short=time strength (Table 28, Fig. 4).

Creep tasts (Fig. 5) have shown that the deformation producedatter 1000
of tasting is relatively small and rather i sic rea
and to the influence of water.

h
ive to the method of treatment
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Table 27
Water resistance of waterproof epoxyphenol fiber zlass plastics

1
| | Nature of zlass fabric treatment |Addizion
; i ‘of ES
i | Lubricants { Sizing |additive!
i Property ! o
: |Paratiin] T [AGN-9 TaGM-3 | <f
| |emulsion| 652 | 752 |product |product | et
{ s e o [ | ; | !
! Water absorption, %: | ! | ! i | !
i after 4 h btoiling i 0.29 | 0.29 ; Q.33 | 0:33- | 0:36 0.36 |
in water | | i { { i
| | | {
,; after 200 days in | 0.32 | g2 | o.25 | 0.27 |0.31 | 0.%
j water | | g | ! |
‘ Tensile strength, i ! | ! i !
| %gf/mm<: | { 1 i 1 i ‘
I after 4 h boiling | 359 i 64 | 80 [ 63.5 | 59.6 | 63.6 |
! in water ’ 92 9gr i 197 { 100 | 96 i 198 [
! |
| | | 1
: after 240 days in | 61 65 | 60.5 | 83 | 6L | 63.5
l ; water 96 | 100 | 98 99 = a3
| Bending strength, I | | |
| kgf/mm: , ! | [
f after 4 h boiling | 51.5 61 | 66 (625 | &1 | 60
! in water 75 90 | 83 | 90 i 85 -1
5 | = 7 [
i aiter 240 days s leas | I 69 | 615 | 60
i in water 80 P93 I 195 | 92 | €6 86
! Compressive strength, ’ | i [
kg:/mm<: | ! , |
| after 4 h boiling 30 40.4 | 40 i 37 33 | 33
! in water | 70 | 86 | @2 | 0 3 I 72
‘ | i | i
;‘ ! after 240 days 1.6 |40 43 |83 |35 | 36
!1 | in water I 573 =S igs | "85 | 777 | 78
[ ’ Remarks. 1. Water absorption was cdetermined on specimens measuring 120 x
f i 15 x 10 om. ]
| I 2. Numerator - absolute values of strength in kgf/mm<; denominatcr-

percent of initial value.
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Fig. 2. Dielectric constant ¢ of waterproofed epoxyphenol fiber glass plastics
vs boiling time in water.
1 - glass fabric with lubricant - paraffin emulsion; 2 - glass fabric with
lubricant 752; 3 - glass fabric treated with AGM-9 sizing agent.
Table 28
Long-term strength in pure bending of waterproofed epoxyphenol fiber zlass plastics
in air and water® -
i | |Long-time strength, kgfi/mm?
| Nature of fabric treatr bR 1 =
i ature of glass fabric treatment ! Medium 71000 h Sase 710,000 h base
‘ Lubricant: i E ‘
| paraffin emulsion i Air i 45.8 | 40.9 |
! | Water i 22.86 | 13.5
| 652 | Alr [ 510 e Gat
I | Water | 42.3 i 30.5
‘ | | ] |
! Sizing agent: | i | *
! AGM-9 ! Air | 48.53 | 0.5 '
| | water | 7.8 L s0.4 |
| AGM=3 i | 34.1 | 27.0 |
f ES product iantroduced into ' b ! 3123 | 21,8
| binder [ i |
Fwdﬂ nen
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Fig. 3. Volume resistivity ¢ of waterproofed epoxyphenol fiber glass plastics

vs boiling time in water.

1 - glass fabric with lubricant = paraffin emulsion;

lubricant 752;

2 - glass fabric with
3 = glass fabric treated with sizing agent 7
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Fig. 4. Time dependence of strength of sized epoxyphenol fiber glass plastics
in pure bending in water (a) and air (b).

- glass fabric with lubricant - paraffin emulsion; la - same, with isolated
ends; 2 - heat-treated glass fabric; 1% ES added to binder; 3 - glass Zfabric

treated with AGM-3 sizing agent; & -~ zlass fabric treated with AGM-9 sizing agent;
5 - glass fabric with lubricant 652.

The tests performed clearly indicate the advantage of the introduction of the
sizing agent into the lubricant over methods of thermochemical treatment of the
glass fabric and particularly over the introduction of the sizing agent into the
binder; this may be explained as follows. Lubricants 78, 80, 652 and 752 applied
on the glass fiber leaving the spinneret are more strongly bonced to its surface
chemically by hvdrolysis-resistant siloxane bonds than the sizing agents, which are
applied on the fiber surface with residues of the paraifin emulsion. Moreover, /60
the amount of the lubricants on the fibers is 3 to 4 times greater than in other
methods, prcmoting the formation of a uniform water-repeilent film on the fibers.
During the thermochemical treatment, the distribution of the sizing agents (type
AGM-9) over the glass fabric is very irregular. Their comcentraction is particularly
high at the points of contact of the fibers; however, a considerable portion of the
2lass fiber surface remains bare.

Tc obtain a comprehensive estimate of the behavior of waterproofed fiber glass
plastics, the short-time and long-time strength, creep and dielectric properties
were determined by testing the specimens in air. As expected, the influence of
sizing on the dielectric properties and strength in ordinary short-time tests in
air was relatively slight ind independent of the sizing method. The influence of
the time factor on the strength of fiber glass plastics in air, determined by the
ratio of long-time strengths with a time base of 10° h to the short-time strenzth,
also depended little cn the sizingz conditioms.
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Chapter 3
PROPERTIES OF EPOXY-GLASS PLASTICS
9. Mechanical Properties

The successrul use

a detailed knowledge of
sideration in the design.

The mechanical properties and methods of testi
described in detail below, and data are given on ¢
and long-time application of loads, fatigue stren

P
atic strength in short-tim
nd shock resistance.

0
(2l
=
.

o
o

determined chiefly by the strength
ring extension of the

Static tensile tests. Tensile strength 1
and amount of the fiber glass reinforcing mate
ber glass plastic along the principal direct
fiber glass, which is an elastic body, is opera
is sudbjeczed o consideraple derformations until

oW
"o o

,
o inforcement, mainly the
ing. At the same time, the binder
the start of failure.

In tensile tests, the quantities determined are the ultimate strength, modulus
of normal elasticity, percentage elongation and Poisson's ratic, and the nature
of the functional relaticonship between the load acting on the specimen and the de-
formation it produces is also determined. In tests along the principal direction
of reinfcrcement, the diagram of the functional relationship is usually represented
in the form of a straight line (Fig. 6), i. e., it may be assumed with a sufficient
degree of accuracy that the fiber glass plastic cbeys Hcoke's law in this case.
However, as was shown by Smirnova, Sokolov, Ya. $. Sidorin et al.,%! Hooke's iaw /62
is obeyed only at loads amounting to 20-40% of the ultimate strength of the fiber
glass plastic. In contrast to most metals, the stress-strain curve of a glass
fabric resin laminate does not show a yield plateau, indicating britctle failure
of the material.

Absolute values of the ultimate strength and elongation depend on the rate of
ralative deformation, size and shape of the specimens. The above values were ob-
tained in tests at a loading rate of 20 mm/min on standard blades measuring 235 x
25 x 5 mm. As the rate of relative deformation increases, an increase in these
values is observed.

henol fiber




A disadvantage of standard specimens is the presence of flutes, which are
stress rax;;rs and decrease the strength. In testing of specimens with unidirec~ ]
ticnal reinforcing fabrics, such a decrease in strength is appreciable,
ince failure takes piace with shearing in the region of the flutes. Tz2sting of
unidirectional fabrics is usually carried out on rectangular specicens measuring
25 ~ 3
250 x 20 x 5 m

Static compression tests. The compressive strength is determined to a comsider-
able extent by the adhesive and cohesive strength of the resin. The magnitude of
chis characteriscic is particularly dependent on the quality of the binder, type
of waterproofing adhesion treatment of the reinforcing fabric, and conditions of
pressing of the fiber glass plastic.

Comprassion as well as tension tests involve the determination of ulcimate
strength, percentazz elongation, elastic modulus, Poisson's ratio and natur £

the stress-strain relation. From the start of loading to the instant of failure

of the specimen, the compression curve of the fiber glass plastic closely follows

Hooke's law (Fig. 7). The ultimate strength and percentage elcongation in compression 1
of a fiber glass plastic usually differ from the corresponding quantities in tensile

tests. Tha elastic constants in compression, i. e., the elastic modulus and i
Poisson's ratio, are practically the same as the corresponding characteristics
determined in cension,

The magnitude cf the mechanical properti
£

es in compression as well as tension
is affected by the defcrmation rate, scale cto n

actor, and shape of the specimens.
In compression tescs, standard specimens (10 x 10 x 15 mm) fail prematurely
owing to crumpling at the ends. New shapes of specimens have been propcsed /63
along with devices for compression testing of fiber glass plastics, whose failure
takes place in the region of homczeneous straess.

8., xaf/uwt

2 Q,f
== : '4{~ £ Fig. 7. Compression curve of epoxy-
2% £ ! [ i ! ohenol fiber glass plastic (rein-
! } e forcing fabric - ASTT(b)-S, glass
1 1 R I e fabric). =
| L | A = o d 2
b i R I ffective stresses, kgf/mm<;
4 - t ”
o 7 T T ) T € - strain, %.
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Table 29 shows the properties of fiber glass piastics in comprassion.

Static bending tests. Static bending tests involve the simultaneous presence
in the fiber glass plastic of tensile, compressive and shearing stresses, and
therefore, bending strenzch is a complex property of the fiber glass plastic,
convenient for estimating the quality of the plastic and suitability of the
zaterial for service under certain specified conditionms.

It should keot in mind that the value

oe
be
iomewhat high and surpasses the tensile and co

24




Table 29
Physicomechanical properties of epoxy-glass plastics in compression

| | Orientation of rein-
{ } forcing fabric

! Property |
T
: } Warp | Weft |
i {
} Compression strength, kgf/mmzz ! | l
? parallel to the layers |40 | 28
; A !
} !
4 |
; perpendicular to the layers ! %% i %% E
| | |
1 ] | 9
1 Elastic zodulus, 103 kgt /mm? i %?% i S'% :
’ ! 7
i
oty h , bolas )i i
| Percentage elongaticn, 7% i 15 e ‘
{ i |
| Poisson's ratio | 0.13 |
0.2 T !
s

Note. Numerator - values for epoxypheuol fiber zlass plastics;
denominactor - epoxyamine plastics. i

due to the fact that in fiber glasgs plastics, the distribution of stresses over /64
the height of the specimen's cross section dces not correspond to the linear law
of stress distribucion, whereas the formula for calculating this character

of the material, 7 = M/W (M being the bending moment and W the cross secti

-

resistance moment), has been derived by assuming that this law is obeved. The
deflection & of fiber glass plastic specimens as a function of bending scress is
shown in Fi3. 8. Table 30 gives the physicomechanical properties of fiber glass
plastics in static bending tests.

3., Al
&2 ~r
| ! ! l
! ! |
70—t — : bendi
! i l p | Fig. 8. Deflection 5 vs bending
5:L-7; L stress o for epoxyphenol fiber
j ! 1 ;
! '//r i 3lass plastic with composite glass

i / | filler.




Scatic shearing tests. Depending on the manner in which the forces are
applied o che specimen, thr2e types of shear are discinguished:

in the plane of the reinforcing fabric;

perpendicular to the plane of the sheect;

along the layers of the Iiber glass plastic (interlaminar shear or shear
along the layer).::

Table 30
Physicomechanical properties of epoxy-glass plastics in bending

~ lo

i |Orientation of rein-
{ | forcing material
| Propercy |
| | wWarp U eit
i : | Fpe | 2e i
. e | 7 | 3
| Ultimate strength, kgf/mm | =3 = |
| y ! I t
i | | {
Flaseic nodul 103 e ! 2.8 I 250 !
Elastic modulus, kgt/om I 35 | 33
| | |
I ’ | 2.0 1
§ Percentage elongatien, s =
{ ! 2.

See note in Table 29. |

Shearing tests in the plane of the reiniorcing fabric make it possible to
determine the strength and elastic properties of the fiber glass plastic:
ultin«te strength of the material, elastic modulus, and maximum angle of torsion,
and to plot the shearing stress-strain diagram. To provide for pure shear /65
conditions, the specimens are tested in special hinged four-link chains which
convert the tensile forces into shearing ones by stretching the specimens alcng
one of the diagonals. The shearing stress-strain diagram of the fiber glass
plastic is represented as a straight line in a rectangular coordinate system,
where the shearing scresses are laid off along the ordinate, and the shearing
angle is laid off along the abscissa (Fig. 9). The magnitude of the shearing
strength depends on the angle formed by the warp of the glass fabric with the
direction in which the shearing load is acting, and depends little on the type
of binder.

The shearing strength values for an epoxyphenol fiber glass plastic are given
as an exampla (Table 31).

Shear perpendicular to the plane of the reinforcing fabric is determined by

the resistance of the glass fiber to transverse forces; for epoxy-glass plastics,
S
the shear strength is 13-15 kgf/mm*<

The strength of fiber glass plastics in interlaminar shear characterizes the
adhesion strength of individual layers of reiaforcing fabrics. It is determined
by subjecting specimens measuring 60 x 10 x 15 mm to bending tests with a load
concentrated at the center. The discance between the supports is 40 mm, which pro-
vides for failure of the specimens due to shearinz stresses through their del
tion along the neutral layer.




Of epoxy
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tional epoxy

Table 32 gives data characterizing the interlaminar shear strength
fiber glass plastics of different ccmpositions. The highest characcer
those of fiber glass plastics based on a chlorine-contaiaing tetrarfunc
resin (EXhD).
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7 / Fig. 9. Shearing stress-strain dia-
= gram of epoxvphencl fiber glass

s plastic (reinforcing material -
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Table 31
Physicomechanrical properties of epoxyphencl fiber glass plastics in shear

iDirection of rein-| Shear streagth, iShear medulus, 103 |Maximum shear angle,
| forcement i kgf/mm < { kgf/mm* I ?

|

i warp | 19.0 { Tk 0.43

| Wett ' TS é .5 : -

| At 45° angle | 15.9 0.95 i 3.25

|

Creep and long-time static strength. Short-time tests of specimens do not
reproduce the service conditions and do not provide an exhaustive characterization
of the material. The perfcrmance of the fiber glass plastic may be estimated /66
much more fully from the long-time strength and creep characteristics.

The method of testing for long-time strengzth consists in determining the
stress at which the specimen fails at constant temperature at the end of a given
time interval. When a constant load is applied for a long period of time, the

strain of the material increases, i. e., creep is observed. The phencmenon of
creep is closely related to the decrease in strength, and fiber zlass plastics
are characterized by the fact that creep of the material is alreadv observed at
room temperature and at relatively small loads, whereas in the case of metals,
creep is chiefly observed at elevated temperatures or at loads close to the vield
point. The creep process is subdivided into three periods: period of unsteady
creep, period of steady creep during which the rate remains unchanged, and the
period preceding the breakdown of the specimen, characterized by a sharp increase
in cteep rate.'

ass laminate ars

The tensile creep curves char
shown in Fig. 1C. It

is evident @ ti g ¥ he duration of the first




The strain buildup rate of the steady creep proc

e
wcerval of 0.1-0.66 of the short-time sctrength is slow and does nc
= . 351 ~ : :
rmance of the material.”* The total creep straian in

riod is shorc, about 30 h.
the stress in
fect the per:io
64 of the instantaneous strain corresponding
is slightly higher and equal to 8%.
ble 32
operties of epoxy-glass plastics in interlaminar shear

to each stress level;
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Resin I Curing Agent
j [strength,
! {kgf/mm=
Epoxydiane (ED-13) |Resol tvpe phenol-formaldenyde 1 6.2
| resin
Same Triethanolamine titanace | 12
Furfurylresorcinol glycidol | )
ether (UP-63) i B " | 75
Diaminodichlorodiphenyl- | H, L | 9.8

nmethane glycidol ethar (EKhD)
Same
Aminophenol glycidol echer
(UP=-510)

|
IDiaminodichlorodiphenylmethane
{Diaminodipnenyl sulfone

Curves reprasenting instancaneous strain and strain developing toward the end
of the tests versus effective tensile and bending stresses are shown in Figs. 1l
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and 12. Simil
3lass plastics.

ar curves characterize other compositions of hot-pressed epoxy-

Practically no residual strains are observed in hot-pressed {iber glass
plastics; prolonged action of tensile stresses amounting to 0.1-0.6 o
time strength gives rise to residual strains that do not exceed 0.04%
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The test results were used to plot long-time strength curves of materials /69
in tension (Fig. 13) and to determine the long~time strength of fiber glass
plastic. The value cf the long-time strength is usually expressed in fracticns
of the corresponding short-time strength. For epoxv-glass plastics with different
types of reinforcing material, the long-time strength in tension is 0.6-0.73, and
in bending, 0.6-0.7 of the shor:~time strength.

Results of tests of epoxy-glass plastic specimens, performed to derermine che
long-time compression strength,are given in Table 33.

Table 33

Long-time strength of fider glass plastics

: Resin | Curing Ageat {Conventional long-tize {

f [ {strength with a base of

I | i 10C0 h

' |

| Epoxydiane (ED-13) | Triethanolamine titanate ! 0.6606c

i Zpoxycvanurate (ETSD-i Same } O.GBT:F '

13 ‘ f ¥ ‘
vde resin| 0.660¢

! Epoxydiane (ED-13) | Phencl-formalde:

The values of conventional lonz-time compression st
1000 h amount to 0.56-0.53 of the short-time strength for e
based on various binders.

Static farigue.

s are characterized by seasitivicy to
ame magnitude, 1. e., so=-called

Fib
applied stati
facigue of the matarial.

er
c

The conventional static fatigue limit of lastics with a base of
1000 cycles amounts to 0.6-0.7 of the short-time strengtih. Morzover, thanks to
the attractive elasti¢ properties of the zlass plastic almost no increase in de=-
£laction takes place under these conditions. Figure 14 shows characteristic curves
representing the change in the deflection of specimens with increzasinz aumber of
cvcles of repeated static tension. nott n n of
properties of the material are the ch € ) 4
the first and the one-~thousandth zycle of a i

> 4

the loading branch (Fig. 153). The residual strain ac
tests after one thousand cycles of stresses amounting
strength is of very small magnitude, on the order of

Figure 16 shows curves of static compressiva fatigue for giass plastics. 70
The ultimate strength values of the glass plastics in repeated static compression
based on 10,000 cycles amount to 0.58-0.72 of the short-time strength (Table 34

Also of interest are certain data permitting an evaluation of the per? e
of a zlass plastic under repeated loading conditions. Thus, ‘in ra=
peated long-time dending, ecimens of apoxvphenol plascic w I~ B
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Fig. 14. Deflection % of specimens as a function of effective stress with increas-
ing numter of repeated static loading cycles for an epoxyphenol glass plastic with
composite glass filler

Table 34
Fatigue strengtch of fiber glass plastics

T= a2
! 1 1 I = bot}
i ; ; : Measure i ey
L | | o!s | Correlation lof dissi-: 2 2 3
: : -1 | : - S
| Resin Curing Agent il el equation pation, ==
! S I - ° AR EE=
| | I o=t e O | kgf/am= % e
g 9jyv 3 | | ~ =
{ { 2T e | - 3=
t | | Ealu ) | g u |
l | I 3 @w'lo - < c
| I 2 s ! - @2 2
| T !
| Epcxydiane { Iriethanolamine | } i | i !
| (ED-13) | titanate | 28 1-0.96| R = 12 - i 2.00 0.68c

-
~
!
(=]
el
o
5
[}
(=
W
U
w
'
bt
wn
o
(=}
@
0
3

(ETsD~13)

|
| Epoxydiane Phenol-formalde- | 16 (-0.85 R = 12.45 - { 1.98 0.72¢
(ED=13) hyde resin |

‘
Epoxycyanurate = Same |
|
i




s_,!n/unz

i 533 |

Qb ‘ 5., xai[um? /=
) = 4 - \ 17y
K1) r—d ok 241

2 I/ﬁ 2 =

o 43,4
T
40 gor Z “Jr T %

2 249 |
sk ’}_ = ar | 4 |
P e 2t S
10r | 22 uk 2 | |

A | zZZ !
7 10 P ] 49 S0 g,mm J 37 2,9 9, MM

Fig. 15. Area o
&

teresis loop as a function of
bending cycles o E

the number of repeated static
erent values of maximum effect

ive streasses.

Iy = affective stress, kgf/mm S » - deflection, zm;

- - = - === - 1 - cycle - 1000 cycles.

| ! |
|| - :
10° 2 745578310 2 7 6 5578

910° 2 3 4 55789107 2 3
My cucles

Fig. 16. Curves of static fatigue in repeated static compression of epoxyamine
glass plastic based on satin-weave glasc fabdbric.
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of 150 h of operation and 50 h of relaxation at stresses no greater than 0.7
the short-time dending strength. In tests for repeated long-time tension, the
Specizens withstood two cvcles (1000 h of operation, 50 h of relaxacion) ar
stresses not exceeding 0.4 of the short-time strength. It is of inrerest thar
an incresse in relaxation time from 50 to 3500 h did not appraciably alter the

. of

axperimental resuits.

Dvnanic fatizue scren

n

The resistance of a fiber glass plastic to fatigue

failure is representad by a fatigue curve. As the stress amplitude decreases, this
curve becomes increasingly more level, but in contrast to the curves of metals, has

7o asymptota. Thus, according to the data of Ref. 31, even with a tast base up to
10°” cycles, the horizontal portion of the fatigue curve {5 not reached. It is
possible thersfore to speak only of a coaventional fatigue limit of fiber glass
olastics, limited bv a certain test base, i. e., by the highest stress withstood
oy the specimen without fatigue failure in the course of a predetermined numkter of
cycles. The fatigue strength test base is usually assumed to be 1 x 10°-5 x 10°
cycles.

A qualitative criterion of the fatigue failure of a specimen is the appearance
ible Zatigue crack. However, specimens which have uncergone tasts and
t

¢ cracks have very high strength and other properties and may therefore
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be assumed that the value of the convencional fatigue limit for a fiber glass plastic

is somewhat lLow.
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Fiz. 17. Fatigue strength in cyclic bending vs aumber of cvecles n for epcxyphenol
glass plascic with composite zlass filler.

According to the loading scheme, one distinguishes facigue strenzth in pure
Sending, bending through an angle, and pulsating tension. A fiber glass plastic
is characterized by a marked dependence of the ultimate strength on the frequen
of load changes. The fatigue curves (Fig. 17) were plotted at a loading frequency
of %00 oscillations per minute, the fatigue limit being 0.20 = As the loading

o
the fatigue strengch increases

frequency decreases to 300 cscillations per m
€0 0.26 o,
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A marked heating up of fiber glass plastic specimens, dependent on the
oscillation frequency and amplitude, is observed in dynamic tests. The material
of zhe specimen heats up because the fiber glass plastics have large hysteresis
losses in comparison with metals. An increase in the frequency of loaa alterna-
tion cr oscillacion amplitude leads to a corresponding increase in the amount of
heat evolved per unit time, whereas the hea: transfer to the ambient medium changes
insignificancly. As a result, the temperature of the specimen rises. Thus, at a
frequency of 1000 oscillations per minute, the overheating of the specimen amounts
zo 50-75°C, and at 300 osciilations per minute, only 25-30°C.

An important feature of the dynamic properties of a material is the internal
dissipation of energy (damping capacity), which along with the farigue limit de~
termines the strength of the part during its operation under near-rasonance
conditions. Rescnance conditions are the most dangerous ones, since they
lead to ruptures and breakdowns at comparatively moderate work loads.

requently

The damping capacity of a material is usually represented by rhe logarithmic
decrement,”” which is the rate of damping of free transverse oscill-tions of z
cantilever specimen. As compared to metals, fiber glass plastics have more pro-
nounced damping properties, which permit their successful application to operating
conditions involving vibration loads and resonance phenomena.

The higher resistance of Iiber glass plastic structures to vibrarcion lcads in
comparison with an aluminum alloy may be illustrated by the follcwing example.™~
One of che two stators of helicopter fans was made of aluminum alloy, and the other,
of fiber gzlass plastic. 3oth stators were tested with a vibration load at a fra-
quency equal to the natural frequency (for fiber glass plastic, 73 cycles/sec, and
for the metal, 100 cycles/sec). The metal stator broke down aicer 3.1 x 1C° cycles,
whereas the fiber glass plastic stator did not break down aftar 15 x 10° cycles
and exhibited a satisfactory damping capacity (the amplitude was 1/3 of the amplitude
of the metal stator).

Shock resistance testing methods. At the present time, shock resistance is
characterized by standards (GOST 4647-62) specifying tests of plastics for trans-
verse impact bending with determinacion of impact streagth, i. e,, work done in
breaking the specimen, referred to its cross sectional area. The quantity "a" ob-
tained by this method is largely conventional and cannot be directly zpplied to
the design of articles or their parts from the standpoint of impac:z loads. The
value of impact strength is usually employed only for a comparative estimation of
the quality of a material.

-1
i~

The behavior of a fiber glass plastic exposed to impact loads can be estimated
more reliably by means of the characteristics of general and local strength proposed
by L. N. Kositskiy.’

The overall strength of a fiber glass plastic under impact load ‘s determined
means of specific workor specific energy capacity R, {. e., the work done
breaking the specimen, referred to a unit volume. The adoption of specific
rgy capacity as the basis for the characteristics of a material under impact
ds makes it possible to describe the behavior of the naterial under impact bend-

tension and compression. Table 35 gives the characteristics of overall strenszth
r impact loads for an epoxyphencl glass plastic in comparison with the correspond-
characteristics of certain other materials.
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Table 35
Characteristics of overall streagth under impact loads for certain structural
materials™=

Strength, kgf cm/ca

| |

i Material !

i \ Bending | Tensile |Compressive
1

| Epoxyphenol zlass plastic: | ‘ ;

! along warp fibers | 65 78 i 61 f

! along weft fibers | 56 ' 64 | 53 |

! across warp Iibers E 49 ! - l ) {

| across weit fibers i 34 : = } -

I Structural steel | 8.8-13 | 7 1 - !

| Stainless steel : 76-90 | 110 R }

; Gray cast iron { 4.8-6.0 | 9 ! - i

‘ Tin bronze | 10.5-14.0 [ 17 | -

! Wecod laminate i 26.5-30.0 1 35 | -

‘ Wood (pine) {  8.0-12.0 15 | - |

The overall strangth of epoxy-glass plastics under impact loads is higher than
that of many structural materials in use at the present time, and is inferior only
to that of alloy steels. However, the high overall strength of a glass fabric resin
laminate cannot be utilized under repeated impact loads because the material is
anisocropic and because of its appreciable erergy capacity of local contact strain.

By energy of local contact strain is meant the energy of local failure
the macerial, associatad with the formation of cracks and delaminations disrupti
the continuity of the material. Even under single impacts, the fiber glass plas
becomes delaminated in scme cases. In impacts lasting a long time, the concentr
tion of strain energy in the weakest aress of bonding of the glass fabric creates
favorable conditions for delamination. This phenomenon is typical of all laminates /75
and causes the relative energy of local strain r, correspending to the beginning
of general failure, to be much higher than in structural steels, cast irom, or
bronze. Thus, for fiber glass plastics, r is 1700 and 4250 kgf ca cm® in impact
bending along the fibers and across them, respectively, whereas for structural steel
it 1s 110 kzf cw/ca’ and for bronze, 200 kgt cm/cnd,
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0f interest are the experimental data obtained by 5. A. intonov and A. A.
Kognovitskiy, who studied the local strength of edges of articles. The data are
comparative in nature and make it possible to ccmpare the impact resistance of
the edges of specimens of a glass fabric laminate and metals. If the impacc re-
sistance of the edge of a specimen of St. 3 steel 10 mm thick is taken as unity,
the impact resistance of the edges of the other materials studied with the same
thickness may be expressed in the following relative values: 0.82 - LMtsZh-35-3-1
brass; 0.52 =~ 1XKhlN89T stainless steel; 0.42 - fiber glass plastic.

The impact resistance of the edges of fiber glass plastic specimens decreases
even more under repeated impact, and after the third impact it dreops by a factor
of four as compared to the initial resistance, then remains practically unchanged.
The insufficient impact resistance of the edges may be partially cffset by in-
creasing the relative thickness of the edee. Thus, while in the case of impact on
a specizen 20 sm chick, che test leaves only a slight mark of the pendulum hammer
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on the edge, and the surface layer of the material is not brcken, in the case of
impact with the same inirial potential energy of the hammer on a specimen 5 ma
chick, the edge splits.

10. Aging of Fiber Glass Plastics

Aging is the term applied to the change in the properties of a fiber glass plas-
tic with time under the influence of several factors: humidity, temperature,
solar radiation. The decline 1in the mechanical and dielectric properties cob-
served during aging is the result of complex chemical and physical processes tak-
ing place in the material. The chief purpose of the study of the influence of
various factors on the properties of fiber glass plastics is to determine the
service life of the products under various service conditioms.

Effect of temperature on the properties of fiber glass plastics. Ship machine
building products are used over a wide temperature range, from -40°C to 200°C.
The zost severe conditions arise at elevated cemperatures.

The abilitly of a macerial to perform at elevated temperatures is usually
characcerized by the Martens temperature, i. e., the temperature at which the
deformation of the tested specimen under a bending load of 30 kzf/cm® is 6 =m. 17 3
For epoxyphenol glass plastics, the Martens temperacturz is 240-280°C, and for .
epoxvamine glass plastics, 180-220°C. However, experience with the use of fiber
glass plastics for articles operating at elevated temperatures has snown that this
index is not sufficient in selecting the maximum working temperature for a specific
article, A correct selection of the working temperature of a fiber glass plastic
makes it necessary to know its strength at different temperatures, the glass transi-
tion temperature, and the degradation temperature of the binder.

The glass transition temperatures of the binders may be derermined frcm the
temperacture dependence of the deformation or nardness of the polymer at comstant
load. As an example, Figs. 18 and 19 show thermomechanical curves of epoxyvamine
binders of different compositions.
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The thermomechanical curves of epoxy bind
first portion corresponds to the vitreous state, characterized by small
tions, and the second portion, to a hyperelastic state with large rever
forzations. The temperaturs of transition of ch vitreous to the hyperalasti
state is termed the glass transition temperatures of a polymer. 1In view of the facs
that the transition from ch /perelastic to the vitreocus stace r epoxy bin
is not clear-cut, the glass transition temperature is determined from the poi
of intersection of the tangents to the zhermomechanical curve in the regions of
the vitrecus and hyperelastic scaces.

ers show two di
e

The glass transition tezperature of a cured binder makes it possible o
estimate the rigidity of the reg-culate structure obtained and degree of curing,
and is one of the most important characteristics of the binder. The glass transi-

n ':mnera:qre depends on the chemical structure of the epoxy resin, curing /
abeqc, and degree of curing. As a rule, cured polyfunctional epoxy resins havs
a higher zlass transition temperature than bifunctional ones. For example, in
curing with triethanolamine fltanate, EXhD resin has a glass transition tamper d‘
ture of 158°C, EPOF resin, 55°C, and ED-13 bifunctional epoxydiane res 98°
In curing with methyltetra 'c—op ithalic anhydride, ETs-X polyfuncrional resin
(triglycidyl isocyanurats) has a glass transiticn temperature of 300°C, and ED-20
bifunctional epoxvdiane rasin, 1453°

Table 26
Physicomechanical progerties of apoxyphenol glass plastic vs temperature

In initial | After 720- |
¢ | state , hour exposur el initial
Property | to 200°C |state, test-

i \

liag tempera-
Testing temperature 20°C | cure 120°C
P

1]
izpact strength, kgf m/c::2 ! 322 i 3.36 | 35.30
| Strength, kgf/mm?: ! !
bending | 42.30 | 46,40 9.43 |
compressive ' 351.10 | 52.66 41.60Q
' Splitting resistance, kgzf 412 315 &

Note. Reinforcing material - drand E fabric.

The curing agent has a major effect on the glass transition temperatura. In
curing with anhvdrides, aromatic amines or phencl resins, more heat-resistant composi-
tions are obtained than in curing with tertiary amines.

with increasing degree of curing 4a long expesures to temperatures of 140-180°
additional cross-linking of the binder takes place as a result of the interaction
of seconda hydroxyls of the epoxy compound with epoxy groups or mechylol nydroxyls
(in curing with phenol-formaldehvde resin); at the same time, the glass
temperature increases.

At operating temperature

tur
iber glass plastic articles

6). At a service temperatur
of macrcmolefular




of the segments weakens, and deformations of the binder develcp. These processes
are inevitably associated with a marked decrease in strength and increase in
creep of the fiber glass plastic.
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The change in the strength of a fiber glass plastic as a function o
ture depends on the type of stressed state.

The effect of temperature on the strength cf fiber glass plastics is apparent-
ly related not only to the loss of strength of the binder, but also to the change
in the mechanism of cransfer of forces in the system. In the case of appreciable
shearing stresses, wnen the main load is borne by the binder, the decrease in
strength is more appreciable than in the case of tension, when the main load is
received by the reinforcing material. As the temperature increases, the tensile
strength (homogeneous stressed state) changes much less than the bending strengtn
(inhomogeneous stressed state). The bending strangth Jecreasas by a factor of
10-12, and the tensile strength, three-four. Whea fidber glass plastics are loaded
at an angle to the warp, the effect of temperature on strength increases, since

the working area of the polymer binder is enlarzed. Poisson's ratio also increases
with rising temperature. The process of decrease in strength is reversible, and
the intarmolecular interaction is restored after the temperature dreps.

Thus, loaded articles of fider glass plastic can serve for 1 serio
time only at cemperatures below the glass traasition temperature of the hinder,
and unloaded cnes, above the glass transition temperature, buc below the b
degradation temperature. The temperature at which degradation begins fo
phencl binders {s 230-280°C, and for epoxyamine binders, 1%0-210°C.

m

Above the degradation t
tak
T

of the fiber glass plastic
Thermal degradation starts wi the cdetachment and decomposition of the
and involves the formaticn of gaseous products, aldehydes, and water. I

bonds between carbon atoms in aliphatic portions of the chains may be broken.

erature of the binder, a decrease in the s
s place which progresses rapidly and is ir

oo

s

Above 300°C, decomposition of the glass fiber begins in the fiber glass
plastic, involving the formation cf not only longitudinal but also transverse
cracks, which cause a decrease in the effective length of the fiber. After 200 h
of aging at 400°C, the effective fiber length decreases so much that the fracture
of the specimen after the bending test does not even have a fibrous structure,
and the fiber is actually coaverted into a powdery filler,” <

w

The servicze life of fiber glass plastic articles at temperatures above 300°C
is determined by the time required for the temperatura of the ambient medium to be
reached throughout the glass, i. e., by the thickness and thermephysical properties
of the article (Table 37). The action of a medium at 350-400°C for 1-2 min does
not cause any appreciable decrease in strength. As the temperature increases
further to 730°C, a specimen of epoxyphenol fiber zlass laminate ignites spontaneocus-
ly in 18 sec.

Fiber 3lass plastic articles are successfully used at low temperatures, /79
frem =40 to -40°C, where even a certain improvement ia the properties of the fiber
glass plastics is observed. Apparently, the rigidity and plastic strain resistance
of the vitrified bindar and the streangth of the glass fiber increase at low tempera-
tures.




Table 37
Thermophysical proper

Tegsting temp-! Ccefficient Coefficient Thermal diffu- Specific heat
erature, °C of linear | of thermal sivity a, 10~"|capacicy ¢,
expansion 2, | conductivity! /h |kJ/ (kg K
‘_ 2g=t (A, W/i(m Ky | i !
i t " ]
| 20-100 | 6.2 x 105 | 0.32-0.39 | %S | 0.90-1.2 |
i 100-200 i - : 0.36-0.4 |  6.8-7.1 | L.IS=L.3 !
! ! |
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¢ of atmospheric conditions on the properties o

les are used at atmospheric conditions, aging of £
ce under the influence of such factors as solar r
ge, humidity, precipitation in the form of rain,

iber glass plastics.
iber glass plastics
iation, abrupt tempera-
icw and fog, etc.

Effec
When artic
takes pla
ture chan

The factor responsible for the most pronounced zging of fiber g
is the ultraviolet portion of solar radiaticn (3000-4000 A), which a S th
supermolecular struccure of the binder and accelerates the cracking of the sur-
face laver and its mechanical shelling ("chalking"). an abrupg temperature change
intensifies the processes of microcrack formation in the binder. 3y penetrating
into the microcracks, moisture produces a splitting pressure which leads to a
gradual increase in the surface of the defacts. Finally, wind and precipitaticn
remove individual binder particles from the suriace, considerably accelerating
the processes of erosion of the resin film on fiber glass plastic articles.

ss plasctics
er

At the present time, the atmospheric stability of a f£i
nated by means of £field tests and laboratory tests in artificial weather snambers
using various techniques. The laboratory testing t:Lanqu s involve an intensifica-
tion of the aging process for the purpose of reducing the testing periods. 1In
one such technique of accelerated aging, developed by the Inscitute of Metallo-
polymer Systems, Academy of Sciences of the Belorussian 3SR, ° the speul:e s are
subjected to the combined action of irradiation in the 3000-10,000 i wavel ength
range at elevated and low temperatures, and variable humidity with thermal shocks
from 55°C to -45°C.

The character of the structural changes and changes in mechanical properties
in tests under laboratory conditions is identical to analogous changes under natural
conditions. 4&00-600 h of accelerated tests correspond to #-9 months of tests under
tropical conditions or 15-13 months of tests under the conditions prevailing in
Leningrad.

As a result of aging, the irradiatad side of the specimens and articles made
of fiber glass plastics shows a loss of surface luster and erosion of the surface
layer of the binder in prolonged tests, revealing the structure of the glass fabric
and causing an increase in the roughness of the surface. However, the depth of
penetration of ultraviclet radiation does not exceed 0.3-0.6 mm; all the structural
changes take place ia the surface layer of the binder, and the atmospheric re-
sistance of the fiber zlass plastic is determined primarily by the properties
of the binder.

ber glass plast ig esti=-
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Fig. 20. X-rav powder pattern of epoxyamine binders.

1, 2 - binder based on ED-13 resin befovre and after atmospheric aging;

» % = binder based on EXhD resin before and after atmospheric aging.

On the irradiated side of binder specimens, in a study of their atmosphneric
resistance, the appearance of a dense network of surface cracks visible under the
microscope is cbserved. Studies of the supermolecular structure of epoxy binders
make it possible to explain the ercsion of the surface layer of fiber glass plastic
articles. The atmospheric aging process involves a radistribution of the relative
arrangement of the binder macromolecules and disruption of the previously existing
short-range order in their arrangement (Fig. 20).

Solar radiation causes a chaage in the globular structurz of epoxv binders
and a peculiar "enlargement" of elements of the supermolecular scructure. Micro-
cracks appear at the boundary between these elements. The bonding between individual
enlarged structural elements is substantially weakened. Changzes in the globular
structure are observed with the aid of an UEMV-100 electron microsccpe at 2 magni-
fication of 3000-14,000 (Fig. 21).

The formation of an extensive microcrack network under thé influencze of solar /82
radiation is particularly manifest when one observes a low-temperature fracture
of the surface layer of the specimens before and after atzospheric aging under an
MIM-8 microscope in reflected light.

Before atmospheric aging, The surface of the low-temperatura fracture of the
specimens aas a peculiar "banded"” structure characteristic of glassy polymers.
After atxospheric aging, the surface of the fractura has a '"reticulate" structure.
The observed structure is formed by the intersection of the front of the primary
crack (during fracture) with the front of secondarv cracks formed under the in-
fluence of solar radiation. When the distribution of micro¢racks is relatively
eticulate structure with rectangular or more intricate-shaped cells is

22)
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After 400 h of exposure under laboratc
cracks becomes so extensive that the mecha
become detached from the surface of the sps
The mass of binder specimens initially inmc
absorption, then decreases because of the

Fig. 23. Effect of atmospheric aging oa the mass of specimens lp of
cured epoxvamine binders.

1, 2 - actmospneric aging in an ar gcial weather chamber (r, h);
atmospheric aging uncer natural conditioms (v, months); 1, 3 - b
on EXhD resin; 2, 4 - binder based on ED-13 resia.

On the basis of existing data, ome can postulate t

solar radiation, oxidative degradaticm and secondary cross-lin £
the surface layer of the binder. The degradation creates £ dit
volatilization of gaseous prcducts. It promoces the disrupti = r
range order in the arrangement of the macromolecules, formatica of a secondar
supermolecular structure made up of enlarged elements, and appearance of aics

cracks at the interface of these elements.

The mechanical action of wind, raindrops and snow cause
P
&

ree particles
detach themselves from the surface, resulting in surface ar o

8 £ t
sion of the binders.
One of the ways of slowing down the erosion of the surface layer is
duce photo- and thermostabilizers into the composition of the binders of
zlass plastics. Their action is based on their strong xb:o-pt‘on of ultravi
light and inertness to thermal and photodegradation. Such compounds, which absord
the entire range of ulcraviolet light, include a powdery Ziller - diifusion gas
black. It has beasn found that the effectiveress of carbom black as a stabilizer
increases with the introduction of certain polymeric suliur-containing compounds:
thicethers, thiols, disu Incto the binder of the shaping lavers of stabilized
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£ider glass plastics are incroducad 5% of DG-100 8as black and 0.3% of thiuram di-
sulfide (the percentage is calculated from the mass of the resin).

In the presence of surface erosion of articlas in the course of atmospheric
azing and an appreciable increase in roughness, it is desirable =o apply a pro-
tective organic coacing on the articles. EP-325 apoxy paint, XaV~1l1l3 perchloro-
vinyl paint, ezc., are reccmmended as atmosphere- and water-resistant paints.
Sefore the articles are painted, they should firsc be degreased.

If the protective organic coating is pericdically renewed, the articlss can
be usad under atmospheric conditions for long periods of time. The strength
characteristics of fiber glass plastic specimens change iasignificancly
durinz exposure to atmospheric conditions (Table 38).

Table 33 ;
Strengch linits, kgf/mm? in compression of epoxyamine glass plastics after exposure
to atmospneric conditions
| Months ;
! Resin H ;| T
| 0 ; 12 | 24 { 36
ED~-13 epoxydiane I §5.0 152100 51.2 49.5 I
ETsD-13 epoxvcyanurata | 58.0 | 54.1 | 5246 { 58.1 !
UP-43 epoxyresorcinol b 57uS ] 53.8 G i S2.1 f

Effect of water on the propsrties of fiber slass plastics. Zstablishing
a T

the nature of the change 1in the properties of a fiber glass plastic due to
the action of water is of major practical importance in determining the substantiated
reserve strength factors in the design of articles.

The water resistance of materials is estimated from the values of water ab-
sorption, change in mechanical characteristics after exposure to water, and giffusion
(moisture) constants.

The water absorption, i. e., moisture content per unit mass, is deteramined by
weighing the specimens after cercain periods of exposure to water. The kinetics of
the water absorption process is usually described in the form of secrption curves,
which asymptotically approach the maximum value of equilibrium water absorption.

w
£

The chanze in mechanical preperties is determined aftar the specimens remain
n water under laporatory and natural conditions (on underwater stands and in
ifferent climatic zones).

The water absorption kinetics and change ip properties in water derend on the
aensions of the specimens being tested. Absolute characteristics independent of
= dimensions of the specimens are the diffusion constants (permeability coefficient,
ffusion coefficient, solubility coefficient). They make it possible to calculate
e times of water filtration through fiber glass plastics of any thicknesses
and o compara different materials with one another.

The permeability coceff
ar vaper throu

ient P, g/(ecm Torr h), quantitatively a
Jassage of wat - ien

he material; the diffusion coefficie
H

x 0
P
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characterizes the rate of
characterizes the dissolut

iltration; the solubility coe:
on of water in the material.””’

£

The diffusion constants of fiber zlass plastics are determined in two ways:
bv coulomerry and by sorption.® In the coulometric method, the tested specimen
is placed in a chamber where a given water vapor pressurs is established on

one side, and a vacuum of 107°-10—" Torr is produced on the other side.
The moisture constants are calculated from Berrer's formulas:**

(3)
; (6)

~
~1
~

where is the thickness of the specimen, cmj

is the time lag (before the appearance of moisture), h;

is the amount of moisture which has passed through the specimen in a given
time interval t, hj;

is the area of the specimen, cam?;

is the pressure difference, Torr.

O

>
RKE IRV

In the sorption method, the specimens are placed in water, and equilibrium water
absorption is determined.

The diffusion coefficient is calculated from a fcrmula obtained from Fick's
equationtls *3
o PR ki - T
a2 kV; : (8)

whers d is the thickness of the specimen, cmj
0 is the amount of moisture absorbed by the specimen during a certain time
interval 4At, g;
Q_ is the amount of moisture absorbed by the specimen in a state close to
equilibrium, 3.

w
w

The permeability ccefficient P is determined from formula (7), and the solubilicy
coefficient is .

(9)

where p is the partial vapor pressure, Tosr, at specified temperature and pressure;
v is the volume of the specimen, cm”.

The water resistanca of fiber glass plastics is determined by many factors:
thickness of protective film of binder, composition of binder, composition of glass,
structura of reinforcing material and method of its waterproofing treatment, and
technology of fabrication.

The influence of the binder during the diffusion is Jetermined by its water
permeability and the decrease in strength after exposure to Toisture. The epoxv

tinders used in the production of articles from hot-pressed Iiber zlass plastics
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are relatively water-resiscant; their diffusion coefficients are (1.3-4.2) x 10-9
cm“/h and acre at the level of the most water-resistant polymers. For example, the
diffusion coefficient of polypropylene is 2 x 107° cm<-/h.

The diffusion coefiicient of the binder correlates with the degree of curinz
and functionality of its components. Thus, the diffusion coefficient of a binder
based on the tetrafunctional resin EKhD is 3.5-4 times smaller than the diffusion
coefficient of the binder based on che bifunctional epoxy resin ED-13. Increas-
ing cthe curing time of epoxy binders from 2 to 15 h causes a certain deceleration
of the diffusion process (Table 29).

The solubility coefficients of binders are determined primarily by the ccnteat
of polar groups in the cured polymer. Owing to the fact that practically
epoxy binders have a certain number of polar 3roups (hydroxyls), the magnitude of
their solubility cocefficient and of the associated equilibrium water absorption
considerably exceeds the corresponding characteristics of such nonpolar polymers
as polyolefins and fluoroplastics. This is confirmed by a comparative amalysis of
such binders as epoxyphenol and epoxvamine ones. The latter, because of the
presence of free hydroxyls in the cured structure, are inferior to epoxvphenol
ones in water resistance, and as the content of triethanolamine titanate rises,
water absorption increases from 0.18 (at 107 triechanolamine titanate) to 1.5%
(at 20% triethanolamine titanate in the ccmposition).

all

The introduction of plasticizers such as aliphatic hydroxyl-containing epoxy
resins DEG-1, DEG-Zh, etc. inco the composition of epoxy composites also leads to
a decline in water resistance. In this case as well, as their relative content
rises, watar abscrption increases and the strength decreases (Fig. 24, Table <0). /86
The polarity of the nitrile grcups entering into the ccmposition of epoxycyanurate
resin and of the hydroxyls in the composition of UP-63 epoxyresorcinol resia ex-
plains the reduced water resistance of binders and fiber glass plastics based on
them in comparison with binders and fiber glass plastics based on type ED-13
epoxydiane resins (Fig. 25). The moisture which has passed through the film of
binder to the glass-binder interface disrupts the adhesion bonds between them.

39 120 180 240 J90 JE) 420 480 340 S90T, dan.

Fig. 24. 'Water absorption B of epoxyphenol zlass plastics with different contents
of DE ation T of exposure to water.
Numer figure reprasent the plasticizer content (7).




The change in adhesion strength of the binder after prolonged exposure
to water is shown in Figs. 26 and 27. Th& decrease in adhesion strength in
accelerated tests is as nigh as 30-35%. Under aczual conditions, chis value is
much lower, but the tests performed show that the main decrease in the strength

of the fiber glass plastic in water is determined by the rupture of the adhesion
bonds between glass and binder.

When the waterproofing adhesive lubricants 752, 652, 73 and 80 are used, the
process slows down. Sorption curves of sized fiber glass plastics are shown in
Fig. 28. The processes of moisture diffusion through the binder and alcng the
glass-binder interface are reversible, and after the removal of moisture, the
strength of the fiber glass plastic is restored.

The decrease in the strengcth of the fiber glass plastic also takes place as
a result of the decrease in the strength of the glass fiber, when water penetracsas
through the lubricant film. The decrease in streagth is specific precisely for
glass fibers, whereas for other tvpes of natural and synthecic fibers (cottenm,
caproa, etc.) the streangth in the moist state increases somewhat. The decrease
in cthe strengch of glass fiber under the influence of moisture is explained by an
adsorption effect and a process of chemical breakdown. While the adsorption efiect
is reversible, the chemical attack of the glass fiber is {irreversible. /

o
~1

Takl
Table b .
Diffusion cocefficients of epoxyamine binders, 10° cm=/h

i {Curing iTemperacure,;Pressure,ﬂ | Increased |
| Resin | time, h | N { 1 kgf/cm® | pressure
| ! | 20 G 39
f [ R | 40 7l [ 6.9
| i < ! 50 ) 17 |
i | ST | 1.4 | 56 i
! ED-13 epoxydiane | |
‘ I 2 I G 3.8
| - {40 | 6.0 5.3
| e i 60 | 10,2 16.0
i i ‘ 80 L 14,4 | 46.9
y | 2 O 1.1
, ¢ K 40 3.8 3.5
| [ x | 60 Jis 550 8.1
| ! i g0 I 35.0 23
i | {
i EXhD epoxy : :
{ ! { 20 I B 1.¢
; A ' 40 2.8 2.4 !
l [l i 50 5.1 | 7.6 |
| w I 80 i 13.2 21 \

The extent to ich the strength of giass fiber decreases devends considerably

on its chemical compositioan. With decreasing amount of alkalis in the composition
of the glass, its water resistance increases. An increase in water resistance also
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Table 40
Effect of the content of DEG-1 aliphatic resin on the water resistance of epoxy-
pnenol glass plastic

[Concent of | Bending strength, !Bending strength af-iLoss of strength
{DEG-1, % kgf/tm - |ter 2 vears of ex- after 2 vears of

{ i |posure to water, |exposure to water,

| | P kgt /mm? ,‘ z r
|

lﬁ 0 ; 69.0 [ 55.0 | 22 f
-. 10 ; 71.0 50.0 , 30 i
| 2 | 71.0 ( 39.0 | 45 (
! 50 ! 50.0 | 10.0 ! 80 ‘

923 s34 3 %7 00 %oy

Fig. 23. Water absorption of specimens of
epoxyamine glass plastics 1 mm thick (at
atmospheric pressure) vs duration T of ex-
posure to water.

1 - based on ED-13 resin; 2 - based on UP-63
resin; 3 - based on ETsD-13 resin.

“a

5
2 Aau

.

J e % a0 23 Jé e

Fig. 26. Efect of prolonged exposure to
water on the adhesion of cured epoxvamine
binders based on ED-13 and IXhD epoxy rasias
(curing for 2 h at 160°C).

1 - EKnD resin; 2 - ED-13 resin
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Fig. 27. Effect of prolongad exposure to water
cn the adhesicn of cured epoxysnine binder based on
EXhD resin.

1l - curing for 2 h at 160°C; 2 - curing for 6 h
ac 160°C.

P T T TR TR R

Fig. 28, Water absorption of epoxyphenol glass
plastics vs duration T of exposure to water for
specimens with different lupricants.

1 - glass fabric with parar

in emulsion lubricant;
2 - glass fabric with lubrica

£
cant 652.

results from che introduction of such oxides as cuprous and titanium oxides into
the glass composition.

Figure 29 shows the properties of epoxypnenol glass plastics based on alumine-
borosilicate, titanium-containing and copper-containing glass. The highest water
resistance is exhibited by glass plastics basad on glass fiber concaining cuprous
oxide.

The hygroscopicity of the threads is 5-10 times greater than that of the
Ronofilament Dbecause of additional sorption in the gaps between the fibers,
and it increases from untwisted to twisted threads. The hygroscopicity of glass
fabrics depends on the weave type. Other things being equal, the least hygro-
scopicity is exhibited by cord zlass fabrics from untwisted threads. This is
clearly illustrated Sy data on the sorption of fiber glass plastics based on
satin and cord glass fabrics (Table 4l1).

Naturally, moisture diffusion processes ars greacly affected by the quality
of the 3lass plastic and the presence of cavities and microdefects therein, which

are determined by the technological conditions of fabricaticn. Thus, at




|
? 20 40 367 4cd 60 70T, =

Eig. 29. ”a

on glass £i
to water.

ter absorption B of epoxvphenol glass plastics based

bers of different compositions vs duration T of exposure

- aluminoborosilicaze glass; 2

14 2 - titanium-containing glass;
3 - copper-containing glass.

spaecific pressures from 1 to 10 kgi/cm?, the porosity in the fleT glass plastic is
10-11X, and at a pressure above 20 kg&/;m~ the porosity is 2.5-3.0%. With in-
craasing porosity, the water abscrption and rate of ai::usion in the fiber glass
plastic increage correspondingly (Fi

g. 30). At a porosity above 4%, water absorp-
tion and diffusion rate increase sharply because, along with activated diffusion, /90
which has a slow rate, the most active process of capillary filtration begins.

o i g
3 0 §7 0 107 150 Wé &N, Ao

Fig. 30. Water absorption 3 of
specimens of epoxyphenol glass
plastic pressed at different
specific pressures.

-1 <g-,cm-- 2 -5 kgi/ea
3 - 50 kgf/em -

This phenomenon acccunts for the hizh water resistance of fiber glass

fabricated by pressing at high specific pressures in compariscn with those fabricated
by other methods (winding, vacuum compression molding, etc.), despite the analogous
composition of the binding, sizing and reinforcing materials employed. The most
dangerous process oI penetration of water molecules through the capillaries and
poras in hot-pressed fiber glass plastics is minimi:ed The rate of water dif-
fusion through a hot-pressed fiber glass plastic 1s actually determined by the rate

of accivated water diffusion  through the film of binder. The diffusion coefficients
of hot-prassed epoxy-glass plastics 5

plascics

s are (l.1-2) x 107° cam“h, whereas they are
10-3-10"% ca®/n for epoxy-glass plastice made with the same binders 5v the methods
of windinz and vacuum 3nd contact molding, the porosity of which is three
tiges th

ee to .Lour
at cof hot-pressed glass plastics.
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Table 41
Effect o
plastic

f glass fabric weave type on the water resistance of epoxyphenol glass
2 ¥ F P 2

| | Bending strength, kgf/mom- !

E Class Fabric | After boiling gAiter exposure to water,days'
’ | for 4 h !
5 ! ' 50 I 365 ,
|
! i 92.0 I a7.0 | 92.0
| T=25 s sl 8 ! L
f Slokd =43 ! EYA I 39 | ;
{ i | !
| { 887 1 64.0 i 62.0

ST - { =2 i = |
! Satin ASTT(b) S2 i 36 ‘ 33 | 30 |
| i

Remarks. 1. The properties are given for specimens 10 mm thick ob-
ained by mechanical treatment cf epoxyphenol glass plastic based on glass
abric with lubricant 652.

2. Numerator indicates absolute value of strength; numerator gives
percentage of initial value.

o

The rate of diffusion processes increases with temperature, while the water /
vapor pressure gradient increases exponentially. For example, as the water
tezperature rises to 80°C, the diffusion coefficient of epoxyamine glass p
based on ED-13 epoxy resin increases from 1.9 x 10™° cm</h to 12.6 x 10~%

Yol
-

1
{Table 42). The linear relation la D - —%—, where D is the diffusion coefficient
2 Py - -
at a given temperature, ca-/h, and T is the absolute temperature, X, holds for
epoxy binders and glass plastics in the 20-80°C range.

This linear relation makes it possible to state ¢ binders and glass
lastics ac a hydrostatic pressure of 1 kgf/cm“ obev the arrhenius equation
3 2 3

WM

-5 (10

D=Dge &7, )

where RT,T, '
Bpmi i

‘113 1

(1D

O
o

DO’ Dl’ D2 ara the diffusion coefficients of water in the polymers at /
.
standard conditions and temperatures T, and T,, respectively;

-
i

ATy , is the difference in temperatures at which the diffusion coefficients
v 2

were determined;
R is the universal gas constant;
ED is the activation energy of the diffusion process.

By activation energy is meant the energy necessarvy to separate zhe polvmer
chains from each other and create a "free volume" into which penetratss the diffusing

substance - water. The activation energy for epoxy binders at a
hydrostatic pressure of 1 kgf/cm< {s 6=

kcal/mole.*




temperature and curing time on the diffusion co=-
glass plastics.

_— 3 Curin Temperatur
Fiber glass plastic LESTIRS TR s euE ey
i time, h € ipressure,  elevated
| -
! | {1 kgf/cm=- |pressure
| | | 2 | ) { 1.4
| ’ - -
! 5 i =L ! 2 2.9
2 ¢ =
\ | 60 7] 8.8
; | 8 | 12.6 53.6

Epoxyamine plastic based on ]
ED-13 resin

[
O W

o

(<)
O UL ke
o n g

20 551 1.0

i 5 l 40 1.9 1.8

1 g | 50 4.1 5.3

‘ ‘ ‘; 80 7.5 19.0

Epoxyamine plastic based on | !
EKhD resin -

[e Al

to

ve)

Studies of the diffusion of water through binders fiber glass plastics
at different temperatures show that it is most desirabla to use epoxy glass
plastics for .icles emploved in wacter at temperatures not above 40-30°C. Even
at temperatures of 60 and 30°C, the diffu o ater
and is associated, though to a very sli e

low-molecular fraction of the binder an

The beiling of fiber zlass plastic specimens subjected to the com
of temperature and boiling water, involves several processes simultaneously:
diffusion of moisture at an increased rate, softaning and partial washing out of
the low molecular fraction of binder, and inteansive aching out of glass fiber.
If the diffusion process is associatad with an increase in the mass of the speci
zens, the lattar two processes lead to a loss of mass. This is also confirmed by
data obtained by the authors in a study of the porosity of a fiber glass plastia.
The porosity was determined from the difference bdetween the calculated and experi-
nental densities using the formula

a 5 100 = ¢

’

w
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a is the resia content, x;
L b is the glass content, 7%;
¢ is the content of air inclusions, %;
REr :;L' :pl are the densities cof the resin, glass, and fiber glass plastic,

respectively, in z/cz?.

The porosity of the fiber glass plastic remains practically uanchan
exposure to water at 20°C for up to 720 days. After beiling for &4 h, the por
of the glass plastic increases to 5-7%. In view of the above, the magnitude
water absorption and diffusion coefficient, determined during boiling, cannot be
used to estimate the true water resistance of the fiber glass plastic. The magnitude
of water absorption obtained during boiling is low (Table 43).

At 20°C, hydrostatic prassure slows down the diffusion process and has little
effect on the magnitude of equilibrium water absorption of the binders and fiber
gzlass plastics. as the hydrostacic pressure increases, the diffusion ccefficis

| i Water absorptiom, % Bending strength,
! [ kgf/mm < ]
| | i
inder e ¢ : p Yoe /i
; 3inde lAfter 240 | After & h [Afrer 240 lafter 4 &
|days of e;-? of bo;lingldays of ex-:of boiling
f !posu:e to | posure to
! water f | water | t
5 ! | . i
Epoxypnenol binder based | 0.2 | 0.24 i 67.0 , 64.0 |
| on ED-13 resin | T | “ei | 95.0 90.0 |
! | : { | |
Epoxyanine binder based o i ! 73.6 64.0 |
e B guas o 0.28 |22 : 1
ED-13 resin | H { 20 | 180.9
i | H i
| | i i
Epoxyamine binder based on | 2 | A l 75510
AT & A . ! 0.57 | 0.453 ! !
£TsD-13 resin { | i 89.0
i i {
! | ] i i
Zpoxyamine binder based on | ! = & T | 64.0 !
i Qs ! 037 I 0.32 o .
UP-63 resin | | | 90.0 77..9
1

Remarks. 1. Properties given for specimens 10 mm thick without mechanical

treatzent. !

| 2. Numerator indicates absolute vaiue of strength; denominator gives per-
centage of initial value.

ecreases by i factor of 1.2-2. At the same time, raisinz the pressure by 100
3f/em- has the same effect as lowering the water temperature by 3°C. The water
iffusion rate in the presence of increasing hydrostatic pressure affacted by

d
k<

41 is

two factors with opposite effects. On the one hand, as the pressure increases, the
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polymer material is
the polar chaims inc
water molecules arise. Oun the other hand, the water vapor pressure gradi

compressed, the cchesive forces between individual segmen
r d

e
creases, promoting an increase in the diffusion rate and in the swelling o

ease, and additional obstacles to the motion of the

polymers. For the majority of known polymers at 20°C, the effect of compression
caused by pressure surpasses the increase in volume (swelling) caused by the in-

crease in water vapor pressure. Therefore, at normal temperature, as the hydro-
static pressure increases, the diffusion process slows down.

As the water temperature is raised to 40°C, the nature of the effect of hydro-
static pressure on the diffusion process remains the same, but is less proncunced.
In the 40-50°C range, the pressure begins to accelerate the diffusion. The pressure
has its greatest effect at 60-30°C. Thus, the simultaneous acction of temperature
and hydrostatic pressure leads £o not only quantitative but also qualictative changes
in the process of water diffusion through polymeric materials. Diffusion in this /94
case has a more complex, nonlinear character.

The diifusion coefficient c2ases to be a constant of the material - it depends
on the concentration of the diffusing substance (water) and swelling zime of the
polymeric material., The swelling process itself under the combined accion of 60~
80°C cemperatures and increased hvdrostatic pressures goes througzh several successive
stages. Prolongad exposure of the specimens to these conditions leads to a "loosen-
ing" of the structure of the material and to a nonlinear sorption of moisture. The
character of the change in the mechanical properties of fiber glass plastics in
water is illustrated by the data of Table 44.

Table 44
Change in the properties of epoxyamine glass plastics exposed to seawater.

Compressive strength, kgf/mm-

i Hydrostatic
Glass plascic | 7 “

pressure,
! = 9
| kgf/cm=

Duration of exposure to water, davs

f 0 |30 |60 |90 | 120 {180 400
z Zpoxyamine | I i 55 ! 550 5e ) 54 52 49 48
1 jastic | . " R T I regics T T

I gazzz g;a;D-L3§ Increased [ 545 551 | 54 53.5 |52 48.5 |48.5
i resin |

Epoxyamine 3 69 | 63 68 64 163 161 60 59
, glass plastic ! ! i ) | ) |

based on EKhD | Increased 68.5! 68 | 69 | 63 [62.5 !62 60 50
| resin | i i !

fter one year of exposure to water at 20°C, the strength of fiber 3
plastic specimens 5 mm thick decreases by not more than 15%. The process of d
cline in streng:ch characteristics due to exposure to water is reversible. Aft
the specimens ara : in air, the mechanical strength of the fiber gia 1
is restored, attes to tae absence of their chemical breakdown at 20
decrease in strenzth due to exposure to water (at 20°C) is iadependent
static prassurs.




Exposure of fiber glass plastic specimens to hot water (at 70°C) leads to a
sharp decrease of their strength even at normal hvdrostatic pressure; this is
particularly characteristic of epoxyamine glass plastics. It is noteworthy ¢
whereas at 20°C epoxyphenol gla>4 plastics surpass epoxyamine ones only slightly
in water resistance, cthis difference is ﬂul'l?lled >e"eral'" at 80°c. Thus,
after 100 days of exposure to water a:c 70°C, the bending s--eng:h of epox
glass plastics decreases by 20-253%, and that of epoxyamine plastics, by 40-45
The strength of such specimens afcer their exposure to air is not complerely restored.

Even more abtupt is the decrease in the strength of fiber glass plastic specimens
during boiling. After only 4 h of boiling, the bending strength of epoxyphenol /95
glass plastic specimens is reduced by 10%, and that of epoxyamine specimens, by 20%.

The values obtained by Bakhareva and Mirkin® for the diffusion coef ients and
their dependence on the water temperature and hydrostatic pressur2 permit a tenta-
tive calculation of the water absorption for this type of glass plastic as a
function of the thickness of the article, time of exposure to water, water tempera-
ture, and hydrostatic pressure, and on the basis of a cowmparison of experimental
data obrained on the specimens, permit a determination of the loss of strength

orresponding to any magnitude of water absorption during a given time period.

O

The watar absorption is calculated from a foramula derived from Fick's equation:

Q= (13)

v,

where Q is the amount of moisture, X, absorbed by ¢t )
Q_ is the amount of moisture absorbed by the spe

o

imen in time v, k;
in a state close to

equilibrium, %;
D is the diffusiom coefficient, cm</h;
d is the thickness of the specimen, cam.

For articles of epoxyamine glass plastics, a water absorption of 0.3-0.4% and
corresponding 10-167% decr=ase in strength will take place at a pressure of 1
xgf/cm? and 20°C

Thickness, mm S 10 20 40
Time, years 0.7 25 10 38

Field tests of articles confirm the calculations. After 1300 davs of exposure
to water, ship propellers 1.5-2 m in diameter with a thickness of 20 =m ia th
critical section did not undergo any change in dimensions and showed practically
no chang2 ia their strength properties.

11. Electrical Insulation Properties of Fiber Glass Plastics

In addition to high mechanical strength, hot-pressed epoxy glass plast
possess atctractive electrical and electronic properties, which aczount for th
extansive use as insulating materials.
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rerain relatively hiszh electrical insulation propertlies on aging and may be used as
reliable insulation.
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Permittivity t of Eiber glass plastics vs time t of boiling in water for
based on various binders.

ic with epoxyamine binder plasticized with DEG-1 resi
ic with epoxypnenol binder plasticized with DEG-1 Tesing;
¢ with epoxvphencl binder (unplascicized); 4 - fiber
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Dielectric loss tangent tand x 10~° of fiber glass plastics vs time ¢
in water for specimens based on differanc binders.

ame as ia Fig. 31.

The electrical insulation properties of fiber glass plast: change even whan
the m>isture content is negligible, and decline considerably when the plastics are
exposed to high humidity. This decline in properties is due to a high permittivity
(= = 81) and substantial electrical conductivity of water. Even the conductivity of
completely pure water is 4.2 x 10~3 ohm-! cm”™?, and therefore, whan epoxy 2lass
plastics are used in electroaic 2quipment, {n order to increase ¢
their propercies, it is necessa to use unplasticized bHiaders,
3s well as long-term curing, and to increase the specific pressu

@
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Effect of boiling on the

plastics (frequency, 103

electrical insulation properties of epoxyphenol 2lass

Hz)

Table 45
Effect of long exposure to wdter on electrical insulation properties of epoxy
glass plastics (frequency, 10° Hz)
= i;Epoxyphenol 3glass |Epoxvamire glass plas:i:i
P i olastic
T T T
- [ s s | | {
R ! K ! i |
5._~’->,<;‘ o 3 { o ]
Eras e e RS e |
i | | ] Ie
T I's
i @8 lsgoqusa| I's ‘
b3 isiaiiies | 5 |
I 8 15 ! > ] ]
i 20 I3 3, |
| 3/ [a |
{ 60 {5, 3. |
( 0 |3 3.
| e |3 3
| 225 5 -
: ‘ | & .53
| J s, 9.76
# | ! 6. [ 12 |
{ i = ==l
} | | H ' {
! \
Note. Specizens zeasuring 100 x 100 x 3 mm were
tested. |
1 i
Tadle 45

4
compositiocns dur
i

c
1
45 and 46 and Fiz

3 long-term expos
s. 31 aad 22.

cifferent
ure to water and bdciling are shown in

T I Glass
f Property { y e A ce
{ IPELLy |Aluminobor05111c5c2, LLoppet—contaxning, 652
| | AGM=9 sizing agent | Lubricant
- - | 4.6 % 10=<
! Dielectric loss | 7353 5)_;:75::__ |
| tangent | e |
: 5.0=5.7

?Eh.': dity ‘ —_ i

. rmiteivity | AT ‘
1 0 |
| Volume resistivity, (2=3) = 1oh* i
; T T

| ohm cm | (3=2)% TOst

Hota. Nuzmerator - values at standard conditions; denominacor -
| after boiling for 6 h,

The electrical insulation properties of epoxy glass plastiss of
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. Erosion Resistance and M etermination

Abrasion resistance. Wear
the operation of such shnip
propellers of air cushicn shi

abrasive particles is observed during

£
ing parts as fan blades anc the air

Despite the large number of experizental studies, there is as yet no
theory to account completely for the process of wear in a flow of abrasive
In the view of certain researchers,?? the wear is caused by the
abrasive flow. V. I. Briginov and I. K. Lebedev have attempted to correiate abrasive
wear with the laws of cutting or fatigue phenomena. I. KRleys* discusses the preocess
of wear in a flow of abrasive particles as a complex process that @sy involve the
cutting of microshavings by the abrasive particles, and contacr fatigue and break-
down of the surface due to high contact stresses. The rate of wear is also affeczad
5y the shape and size of the abrasive particles, their velocity, and the
of incidence.

impace of

The wear of a surface =lement per unit time ¢

s proportional to the kinetic
ener2y of the acting particle and to the collision of the particles.
A centrifugal type rotor device is used for abrasive wear tests (Fig. 33).

Specimens 10 are mounted in special brackets 8 in che stator part of the device
arcund the rotor. The tests are performed ac different angles of incidence. The

Fig. 33. Diagram of centrifugal tvpe rotor.

1 - hopper; 2 - flexible tubing; 3 - rotor;

4 - omotor; 5 - channels; 6 - two-step gate;

7 = collecting bin; 8 - brackets; 9 - chazber;
10 - specimens; 11 - zlass-covared opening.

angle of v changing the position of the 29
abrasive S the center of the rotor move alo
*Russian spelling.




under the influence of centrifugal force.
adjusted over a wide ranze by means of an autotransformer.
tional speeds are adjusted to within =3% by

means of a tachometer,
is used to adjust

the concentration of the abrasive jet,

Fig. 34. Diagram of relative rasiscance of 2DoXY=-
anine glass plastic to abrasive wear.

1 - without coating; 2 - with polyproprlene coat
3 - with coating of polyethylene modified with
molybdenum disulfide; 4 - with coating of fluoro-~
plastic 42; 5 - with polyethylene coating; 6 - with
polyurechane coating., I - flow velocity, 380 m/sec;
IT - flow velocity, 100 m/sec; III - flow velocicy
120 a/sec.

the surface

index of abrasive wear reprasents the exzsnt of damage to
during tests of the material studied.

AV Gi=G:

(14
= (14)

where G, and G, are the mass of tine specimen before and after the
e <

test;
o 1s the density of the coating material.
The rasults of the tests of f
coatings are shown in Table 47 and
without the ccating are also given
resistance of polymeric materials

i
the elastic modulus and higher Pois

er glass plastics with different protective
i2. 34. The properties of che glass plascic
or comparison. The tests show that the wear
d

etermined by their elasticity:
'

ib
B

7

the lower

son's ratio, the better the resistance of the
material to the impact of abrasive particles. The highest abrasive resistance
is e Sited by the elastcomer polvurethane.

The speed of rotation of the rotor is
The necessary rota-
A pinchcock



Table 47
Resistance of polymeric materials to abrasive wear

Volume wear AV, cm™, at velocity, m/sec

Material of Coating

130 | 100 ! 30

)

1 :

| | | |

| Fiber glass plastic | 0.273 ; 0:22 ; 032

| Polyethylene | 0.037 i 0.033 0.018
| Fluoroplastic 42 | 0.066 1 0.043 0.029
| Polyurethane | 0.005 | 0.0025 0.0015
i

The elasticicy and hardness of the coating depend substantislly on its thick- /100
ness. When the thickness of the coating is small, its elastic properties are not
fully manifestad, and the energy capacity of the ccating decreases, increasing

Wear.

Hrdroabrasive resistance. The conditions of cperatiom in a hycdroabrasive
edium are characteristic of parts of pumps and ship propellers. The
the hydrcabrasive action also depends on the speed of the abrasive 5
concentration, and also on the particle size and mineralogical composition
the abrasive components.

The wear r

istance of materials is estimated by relative comparison, in
which the quantitative index is the dimensionless coefficient E, calculated from

the formula

E =Sl e
Jun ' (153

where 3y, 3, are the mass losses of the standard and investigated materia
~ respectively;
are tne densities of the standard and investigated material.

The wear resistance of protective coacings of
certain testing conditions is shown in Tables 48 and 4
used is epoxy glass plastic without a coating. The tal
the effectiveness of the protective coatings. In a ayd
sand, the resistance of fiber glass plastics with a coati
fluoroplastic 26 surpasses the resistance of carbon steel.

a. m

sive medium with

he

ed data clearly demonstrate

Ta
based on rubbers and

If the data on the hydroabrasive resistance of polymers are ccmpared with
their physicomechanical properties, a certain trend can be observed: the resistance
to hydroabrasive wear in the water-sand medium is proportional to the elastici
of the polymer. In the water-gravel medium, where impact of large parcicles is
observed, the nature of the breakdown (breaking away or detachment of individual
particles of the coating) changes, and the wear is inversely prcportional to the
mechanical strength of the coating material. The stability of the coating to

impact of gravel particles increases with iacreasing thickness of the coating.
test stabili in the water-gravel medium is ibited by coat based
£ro s pentaplast and £ 25
i a by results of tests of cizmens with a coating based
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Table 43

Resistance to hydroabrasive wear in the water-sand wmedium

| | Volume losses, Wear resistance

i Material | em”, after 6 h | coefficient

| | of tests |

! NO-68 rubber | 0.0229 | 11.2 j
Fluoroplastic 26 | 0.0452 i 567 |

l Fluoroplastic 2M ﬁ 0.112 | 2,28 i

i 5 23 i 0.182 i 1.41 {

| ¢ 2 | 0.195 | 1,32 |

i Pentaplast { 0225 ! 1.14 ]

| Epoxyphenol glass plastic | 0.256 | 1.0 i

| 35Kn4G2 steel | 0.0231 |11 .

] 25t i i 0.080 T ,

Table 49

Resistance to hydroabrasive wear in the water-gravel medium

; Material | Wear, cm®, arfter i vear Easi ance|
| g { 2 h of tests { coefficient
f Fluoroplascic 2 ; 0.45 ; 3;3 i
| " 23 | 0.43 l 3ok |
‘ L 26 } 0.60 s i
. 24 i 0.62 g 2.4 [
NO-68 rubber 3 0.70 | 2.1
Zpoxyphenol glass plastic ! 1.50 ! 55
35Kn4G2 steel | 0.23 ! 6.6 ;
25L 4 0.35 &3 |

Note. Fluoroplastics and NO-68 rubber applied cn the surface of glass
plastic specimens

on a typical elastomer having a marked specific elongation and low mechamical
strength. As expected. the wear —aoi;tarce of fiber glass plastics with a tubber
coating is hizhest of all polymeric materials in the water-sand medium and lcowest
in the water-gravel medium.

Cavitation resistance. The propeller blades of nigh-speed vessels, turbi
and pumps and other parts of hydraulic equipment are subject to cav‘catloﬁ erosion.
At the present time, it is widely neld® that cavitation erosion is due to th
effect exerted on the surface by shock waves arising from the contraction of
cavitation cavities. Two groups of erosion damage may be distinguished according
to the mechanism of their formation - under conditions of steady and unsteady
flow. In the first case, the boundaries of a cavitation cavity ars 'uAl" ge' ined.
When the velocity of the incident flow is sufficiently high, the cl
ividual bubbles results in erosion damage of comparativelw 1 1
a the case of unsteady flow with 3 variable Vvelocity or direc
f the flow, the damage is much mors pronounced, and the zrosion de:

d
»
I
o

/
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Steady cavitation is practically ncnexistent in pure form. Si
damage cbservad on the blades of hydraulic turbines and alsc on rudders i
are not located in the propeller backwash.

Unsteady cavitation is characteristic of propellers and hull parts oper
in the propeller backwash.

ables 50-53 present data on the cavitation resistance of fiber glass plastics

Tabl
with different coatings.

ating

The quantity used to describe the cavitaticn resistance of a coating is the
volume loss during a given time interval:
GI—G! z
AV=——T—-. (16)
where Gl’ G, is the mass of the specimen before and after testing, g;
o is the density of the coating materiail, Jemd.
Table 30
Cavitation resistance of polymeric materials in s-h magnetostriction bench tests
i {Weight loss,mg!Volume loss,cam’|Cavitation re-|
! Material | | |sistance co- |
| ; | lefficient |
I Polyvinyl butyral | 6.5 [ 0.0055 | 25.0
| Polvethylene | 3.5 |  0.0091 ! 1543
iy { 5 o
i Polycarbonate j 6.6 i 0.0055 I 25.0 i
| Pentaplast I 18 i 0.0093 T i
| Epoxyphenol zlass plastic | 28 i 0.014 | 1.0 |
t LMtsih-55-3-1 brass | 20 i 0.0024% { 58.4 |
| i
Table 51
Cavitation resistance of polymeric materials in hydrodynamic bench tests
: |Weight loss|Volume loss| Cavitation resistance
f | g { ca’ coefficient (based on
1 1 : 3 T
| Macerial s e - : | data from 12-h tests) |
; |After|After After After| = - R ;
| j Sk (42 & |3 h 12 hy
1 , i i i ,
‘ f
} Epoxyphenol gzlass plastic | 136 |} 350 {0.068%0.175' i
! Fluoroplastic 2 * P32 | = je.016l = | =
! g 23 * i 6| 164 10.003/0.082! 2.14
) & 26 * i 6 E 109 10.003i0.054 3.26 |
f Pentaplasc * | 35| - joso2sf = | - !
| LMt3Zh=-35-3-1 brass b= f 32300 = |

{0.015] 11.6

*Notae. Thesa2 matesrials were appliad on the surface cf fiber glass
plastic specinens by cladding.

/102
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Table 52
Cavitation resistance cf polvmeric materials in impact erosion ©Dench tests /103

{Weight loss|Volume loss|Cavitation resistance
! | mg | cm” coefficient (based on
| Material fe= = 2 A tdata from 12-h tests
i v |After afcer After Afrter| = R
f | 22w 3 h 12 h
| i ) | ' s X
| Epoxyphenol glass plastic (435.6! - [0.2181 - | 1
i Fluoroplastic 26% i 50.0Qf 95.0{0.025{0.047, 8,79
i = 2% | 79.2{ - 10.039| - | 3:6
I i SKF-26% 12.2] 32.4/0.006{0.016i 36.4
{

*See the note in Table S1.

Table 53
Cavitation resistance of polvmeric materials in tests on a Venturi-tube type in-
creased-capacity apparatus

1 i State of Surface
{ Material !
|
]

After 10 h 'After 20 h |After 30 n |After 50

i
! (I | ; ;

i Epoxyphenol glass plastic Surface ; Surface Surface =
| jattacked to|attacked to  attacked to

| {a degth of (a depth of a depch of

} 0.25m | 0.5 mm

Fluoroplastic 26% No change  No change

‘Surface
: i ;3t:ackec to
i ia depth of

i 0.05 mr

Same | Same |Surface

Ja::acked to

{a depth of

| 9.75 mm

! |
i |
S i
" 2% | Same |
i
f {
| |
‘
|
i

*
| See the note in Table 31.

The cavitation resistance coefficient used is the ratio of the volume loss
of the coating material to the standard fiber glass plastic without a coating.

A general pattern is observed in tests of polymeric materials: cavitation
resistance increases with elasticity. Materials with a specific elongation up
to 50%, such as fluoroplastic 2 and pentaplasct, are inferior to elastomers in
cavitation resistance, and after a long incubation period, a marked breakdown
of the coatings begins and a larze number of cracks are formed.

[
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=

However, he ca
<

if & itation rezsistance of polymers
metals, the nature of t

v 2 { <
he benhavior changes according thod. The
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highest cavitation resistance is exhibited by fiber g
tested on Veatur

g8lass plastics with
r
observed.

i-tube type apparatus, where a relatively low pulse ¢

However, in tests at high pulse frequency (magnetostriceio
beaches), the cavitation resistance of the polymers is much lower ¢
zetals. This phenomancn is due to the i G th

h
relaxation character of e hyperelastic
deformation of polymars and relatively high values of ralaxation time an

elongation. A& macterial which is elastic at low frequency is rigid at 2
quency, since hyperelastic deformation cannot develop at high frequencies. If
time betwsen two successive voltage pulses is shorter chan the relaxation time
the material, brittle fracturss are formed. If the time necessary feor one 1
is longer (louer frzquency) than the rel axation time, the fracture energzy trans
to the material is parcly liberated and partly dissipacted. Despite these loss

part of the energy accumul ates in the material.
accumulacion,

™
D
s
8y
o
)

At a certain level of energy
the material of the coating begins to break dow

‘'l consideradblw.




Chapter IV. PRINCIPAL TECHNOLOGICAL PRCCESS

12. Preparation of 3inder and Impregnation of Glass Fabric

As was statad praviously, glass fabrics preimpregnated with a bind on an /105
impregnating machine are used as press materials in the fabrication of ber
glass plastic articles. Solutions of binder components in suitable solvents are
used for the impregnation. Usually, the solvents used are alcohcl-acetcne or

alcohol-toluene mixctures with a l:1 ratio of alcohcl to acetome (or toluene).
Acetone and toluene are solvents for epoxy resins, and most of the curing agencts
used dissolve in alcchol.

In the preparation of the impregnating lacquer, considerable attention must
be given to the lacquer concentration, since by changing it, cne can control the
resin content of the impregnatad glass fabric. At a certain impregnation rate,
there is a linear relation between the lacquer conceatration and the resin content,
and this relation is different for fabrics of different weave types because of
their varving densities. Figure 35 shows such a relaction for satin and cord-braid

- glass fabrics.
The impregnating lacquer is prepared in a special heated container with a
. A solvent is added to the epoxy resin heated to 60-70°C. The mixture
he epoxy resin dissolves completely, then a solution
Table 5 ship
machine buildi
2d in /105

To prevent escape of the solvent, the impragnacing lacquer snould be sto
31 sealed container at a temperature not above 20°C. The sctabilic q

viscosity is determined by the reactivity of the epoxy r
agents. The greatest stability of viscosity (over 90 days) at 20°C

xhibited

3

is
by lacquers based on halcgenated epoxy rasins with halogenated arcmatic polyamines.
el idel

The lowest stability (10 days at 20°C) characterizes lacquers based on epoxyresorcinol
resins with arcmatic polyamines.

Fig. 35. Binder content C of impregnated
s lacquer concentration b:

ass fapbric; 2 = cord-braid




4
sicions of impregrating lacquers

Comporent | Content, parts by weignt
{ ED-13 epoxy resin | 43.0 | - = | 34.8 | 34.8 | 45.0
! ETsD-13 epoxy compound | - I 450N - | - | - [ -
| EKhD epoxy resin T = f 45.00 | -~ - [ -
| Trietharolamine titanate 4.5 ! 4.5 | 4.5 | - [ | 4.5 |
! Bakelite lacquer l =SS Lo = " 29,9 b ag.gl ol -
! Dicyanodiamide (= - I .35 | 0.35] - |
| Ethanol | 26:5 4 26L5 |- 26,5 9.85 | 9.85 25.0
| Acetome i 25.0 § 25.0 | 25.0 | 25.1 [ 23.18 | 24.58
| DG-100 carbom black | - | - | - | - | - %75 | 1:73
Thiuraa - f S 0.17 | 0.17 |
] |

| Note. Lacquers whose composition includes DG-100 carbon bdlack and chiuram
are used for impregnating facing layers.

The impregnacion of glass fabric with a binder is carried out in specizl
impregnating machines equipped with drying chambers with an adjustable temperature.
These machines are of two types: vertical and horizomtal. Vertical machires are
more popular, siance this design prevents sagzing of the cloth in the shaft and
disrupting the oriencation of the fiber. The main components of the machine are
a bath for the binder, the feed drum, squeezing roil, driviag shatts, guiding rolls,

dryiag shaft, and takeup drum. Before the machine is charged, the glass fabric
is rewound on a calender or rewinding machine into rolls of specified mass. The /107

rewinding should be done under tension. The impreguation rate and temperature in

the drying zones ar2 determined by the viscosity and composition of the binder,

type of solvent, specified content of the binder, its soluble part, and volatile

substances in the impregnated glass fabric., For the epoxr b s described, the

drying temperature is 80-100°C, and the impragnation rate ranzcs from 2 to 8 a/min
£

Tabla 55
fysicomechanical characteristics vs content of soluble part of binder for epoxyphencl
g2lass plastic

{ Content of | Strangth, kgf;mm: |
| soluble part

| ot bindey %! Tensile | Bending | Compressive ' Shearingz i
{100 | 64.0 l 69.0 | 43.2 6.2 ?
[ 90 ! 60.0 | 69.0 | 3740 6.9 !
L50 | s2.0 | s7.0 t 32,0 | 5.5 |
f 40 [ 40.0 [ 45.0 t 28.0 [ 4.8 |
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Table 3%
Change i
for glass fabric impregnated with apoxyphenol binder

a the content of soluble part of hinder with storaze time and temperature

| Content of soluble part of binder, %, at temperature, °C
[ 4 *
Storage time, days f

! 25-30 H 20 | 15 {In refrigerator,
E f 4 . =5
| ! ( { | |
; 1 ‘ 100 | 100 | 100 [ 100 i
| 5 . 80 1 100 | 100 | 100 ;
' 7 , 65 ; 33 | 1200 | 100 |
, 10 | 4 | 70 ; 50 | 100 !
, is | 40 | 51 ; 20 | 100 |
| 2 . 35 i 45 : 72 { 100 ;
; 30 ; 2 ‘ 38 | 59 | 100 1
g 60 i 26 | 3L ; 51 | 92 |

Tne impregnataed glass fabric designed for articlas used in ship machine bui
should be plastic and easy to shape into arcticles of intricate configuracion, T
quality of the impregnated glass fabric {3 characterized by the content of binder,
soludble part, and volatile substances. The content of the soluble part of the
binder and volatile sudstances in the impregnated glass fabric is adjustad by chang-
ing the impregnation rate or temperature of the drying shaft. The content of the
soluble part of the binder in the impregnated glass fabric changes with time and
depends on the storage temperature. TIo increase the storage time, the impregnated
glass fabric should be storad in a refrigarator ac a temperature from 0 to 53°C

its storage cime is 10 to 90 days, depending on the reactivity of the componen

lding
he

B

oo

3.

As an example, Tables 55 and 56 show the physicomechanical properties of 2
epoxyphenol glass plastic as a function of the content of the soluble part of &
binder and data on the effect of the conditions of storage of the impregnated g
fabric.

1

ies of Fiber Glass

14. Effect of Binder Concent cn the Physicomechanical
b4 sci
: i

£
la cs
lastic is
ics.. This
of the

As already stated, the required binder content of the fibe
set during the preparation of the lacquer and impregnaticn of 2
quantity has a decisive jinfluence on the strangth and elastic o}
material.

w "o

The dependence cf the temsile strength and modulus of tension of a fiber glass
plastic bn the binder content is expressed by the following analytical formulas:

5 2 C_”'_ -
0=0, |f =1 —F )2k ]: (173
L LY
E=E,f, =i yket (18)




where ¢, ¢ ., is the tensile strength of the
>1 s :
3

<gf/mm™;

P

f . is the glass content of the fiber
» E_, are tne moduli of ceasion of the
kgf/am 5
Ebm is the medulus of tension of th

It is obvious from formulas (17) and (18) that the tensile strength and
zodulus of tension of a fiber glass plastic increase linearly with the glass
content. However, even in structures operating in tension (Figs. 36 and 37), cthe
binder conteac must not be reduced ingefinitely. For each type of fiber zlass
plastic, there exists a limit of the binder content below which a continuous r
film is no longer formed, and the adequate bonding of the glass fibers is disrupted.
)
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Fig. 36. Tensile strength ¢_ of fiber glass plastic
vs binder content C for glass fabrics of brands: a -

75-8/3-250; b - T-25.
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Fig. 37. Modulus of tension I vs binder content C
for glass fabrics of brands: A - TS=-8/3-250; b - T-25
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Compressive strengcth :C vs binder content C

fabrics of brands: a - TS-8/3-250; b - T-25.

s 150 kgf/ca

r shearing strength <
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content (Figs. 38 and 39).
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(a) the glass monofilameats in the thread have a circular cross section;

() at the maximum packing density, the binder distribution between the fibers
is triangular (this hypothesis has been experimentally coniirmed with models).

A diagramof the resin discribution in an untwisted primary thread is shown in
Fig. 40. The percentage binder content in this case is

a= = ==Y 100 =9:2%.
( 2V3 : (19)

During the manufacture of cord-braid fabrics frem such threzad and during the
nolding of fiber glass plastics, a flattening of the weft and warp threads takes

place until their discribution becomes rectangular" (Fig. 41).

Fig. 40. Distribucion of binder in
untwiscted thread.

1 - binder; 2 - glass fiber.

7 7
4 /

Fig. 41. Distribucion of binder in Ziber zlass laaminate
based con braid fabric under high molding pressure.

1 - weft; 2 - warp; 3 - binder; ao, bO - cross-sectional
dimensions of warp thread, cm; ay, bv - came, weft thread.

The binder content of a fiber glass plastic based on 2 cord-braid fabric may
be determined from the following formulas:

4f=3.2 a9 -
= - 100, (20)
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3 ) — 2.4 704
e B (1= 2= 100=547%: (213
a=;‘l—2';.3_‘} i00=9.2%; (22)
) =._;i:_.,
S N (23)
2K
A = =i\ g &
S
! (24)

where n is the calculated binder content, %;

Sy is the thickness of the rord fabric layer, cm;

is the thickness of the cord fabric warp layer, cm;

(-

WO

is the thickness of the cord fabric, cm;
is the binder content of the cord fabric warp laver, %;
is the binder content of the cord fabric weft layer, %;

K , K are the densities of the warp and weft threads in the Zfabric, threads/cm

N _, N_are the metric numbers of the warp and weft thr=ad, cm;

¥ is the glass demsity, g/cm’;
is the glass content of the thread, 7% (jgl = 90.3%).

Calculations using the formulas showed that in fiber glass plastic based on
cord-braid fabric, the binder content should be no lower thaa 16X%.

In fiber glass plastics based on fabrics of twisted threads with a large
number of ends, the binder content should be increased as compared to fiber glass
plascics based on cord-braid fabrics. The binder content is increased primarily
in the twisted thread itself as compared to the uatwisted thread. A diagram of the
binder distribution in such a thread is shown in Fig. 42.

The binder content is

[ as\ 17 Q0 :

,,-(.1—‘_2.)-.00_1..8,0. (25}
In addition, twisted threads are flattened less during weaving and molding

than untwisted thread. At moderate molding pressures, the cross section of the
threads may b5e assumed elliptical, whereas in the ideal case, at the maximum
packing density, the binder distributicn is schematically represented as shown
in Fig. 43. Each glass thread shown in the figure already contains 17.8% of
binder and 82.2% of glass. The remainder of the binder occupies the free space
between the glass Zibers. The binder content in such a fiber glass plastic is

n=(1—2n,).100=35%, (26)

where 151 is the glass content of the thread, % (ng, = 82.2%).

The use of high molding pressures causes the threads to be flattened further

and their cross section to change from elliptical to oval. The resin distribution
pactern in this case is shown in Fig, 44.

97
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Fig. 42. Distribution of binder in twisted thread with a large
number of ends.

1 - binder; 2 - glass thread.

The biander content is

f K
7 =
.l“]/ (_‘_"_4(1 =)
where a= 3 \x) MV (28)
=2
G s

Here a and b are the gecmetric dimensions of the cross section of the thread, cm;
v is the zlass density, g/cm®; N is the metric number of the thread, c¢m; K is the
density of the threads in the fabric, threads/cm.

?¢y~=%».3335r1*~"xyg

e dar =

Fig. 43. Distribution of binder in fiber Fig. 44. Distribution of binder in

gzlass plastic based on fabric of twisted fiber glass plastic based on fabric
threads at low molding pressure. of twisted threads at high molding

1 - weft; 2 - binder; 3 - warp; pressure.
a, b - cross sectional dimensions of 1 - weft; 2 - binder; 3 - warp.

thread, cm.

-
jo
(%)

Calculations using formulas (27) and (28) have shown that in the fiber glass /1
plastic based on satin fabric of brand T§-8/3-250, the binder content should be

no lower than 267%.




The experimentally obtained optimum binder contents of fiber zlass
plastics confirm the validity of such calculations. Naturally, an ideal distribu=~
tion of the binder cannot be obtained in fiber glass plastics, and therefore,
the experimental optimum values usually are somewhat higher than the calculated
ones. Table 57 gives the optimum (experimental) values of the binder content for
fiber glass plastics based on satin and cord-braid fabrics at different specific
molding pressures.

Table 57
Optimum values of binder content for fiber glass plastics

Specific moldingA!OP:imun binder
pressure, kgf/cm“LCOncen:, %

% Reinforcing material
!
[

|
Satin-weave glass fabric of twisted threads 10 ! 28-30 t
50 [ 24-26 '
150 | 22-24 {
Cord-weave glass fabric of untwisted S0 i 20-22 |
threads | 150 f 17-19 i
i

15. Molding

Molding of fiber glass plastic articles is a complex process whose main para-
meters are temperature and time, heating and cooling rate, and specific pressure.
The first three factors determine the chemical aspect of formation of the strength
of the polymeric binder and are practically independent of the structure of the
part. The magnitudes of specific molding pressure and cooling rate are determined
to a large extent by the structure and dimensions of the parts.

During molding, the pressure overcomes the elasticity of the gases and water
vapor evolved during the neating and curing of the binder, prevents delamination
of the fiber glass plastic, provides for contact between the layers and penetration
of the binder between the fibers of the f{iller, and promotes the distribution of
the molding material over the volume of the mold.

The first stage of molding involves compaction of the entire mass of the fiber
glass plastic; in the second stage, under the influence of ‘elevated pressures, the
binder penetrates into the gaps between the fibers of the threads, whereupon the
contact area between the binder and glass increases. The third stage, which takes /114
place at very high molding pressures (700-900 kgf/cmz), involves elastic deforma=-
ticn of the glass fiber and forcing of the fibers into one another. In the first
two stages, the strength of the fiber glass plastic increases, and in the third
stage, cecreases.

Raising the specific molding pressures from 1 to 25 kgi/cm2 is associated
with 2 pronounced increase in the specific contact arza between the glass and bind-
er, an increass in the adhesive bond between them, a decrease in the porosity of
the fiber glass plastic, and a regular increase in its strength and water resistance
(Fig. 453). Thus, for example, the bending strength of 2poxyphenclic glass plastic 3
pressed at a pressure of 2.5 kgf/cm~ is 28.3 kegf/om~, and at a pressure of 25 kgf/cm-,
71.6 «2f/am=. Even greater is the effect of pressure on the decrease in strength
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after prolonged exposure to water. The presence of cavities between the zlass
fibers, appearing when the impregnation of the fiber glass reinforcing naterial
during molding at low specific pressures is insufficient, promotes the penetrationof
water molecules and a weakening of the adhesion between the glass Iiber and binder.
After 130 days, the strength of specimens pressed at 2.5 kgi/cm=- drops by 40%,

and that of specimens pressad at 25 kgf/cm=, by 16X.

C pymebjem®

Pig. 45. EEf
s

specific molding pressure p on the physicomechanical properties
and water re o

f epoxyphenolic fiber glass plascic.

1 - for shear strength :_h; 2 - for bending strength :b;
S

Jt; 4 - for compressive strength 9. 5 - for impact strength a; 6 = for water

3 - for tensile strength

absorption B of fiber glass plastic after 180 days' exposure to water; 7 - for
decreasing the compressive strength S after 1380 days' exposure to water.

Further increase of prassure in the range from 25 to 200 kgf/cm? is associated /113
with only a slight further compaction of the fiber glass plastic, manifested
chiefly in an increase of the stability of dielectric properties in water (Fig. 46).
Pressures of 300-600 kgf/cm? have practically the same effect and do not change
the properties of the fiber glass plastic. Beyond 700 kgf/cm?, an appreciable
decline of the mechanical properties is observed, due to the breakdown of the
glass fiber.
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Fig. 46. ielectric loss tangent tané of epoxyphenolic fiber glass plastic vs
specific molding pressure p (the dielectric loss tangent was determined on the
specimens after boiling in water for 6 h).

100




In selecting the specific molding pressure of articles, it is necessary to
consider the complexity of their configuration. On passing from articles of
simple shape such as plates to articles of complex geometric shape such as pro- .
pellers, cones, 2tc., the specific pressure should be increased to 30-100 kzf/cm~
beczuse of the shaping losses.

The construction of the article also determines the choice of the cooling
rate during molding. A properly selected cooling rate is a prerequisite for ob-
taining articles with minimum internal stresses. It is well known that the cur-
ing of thermosectting binders is associated with a decrease in volume, i. e., so-
called "chemical shrinkage' of the binder. For hot-cured epoxy binders, the
shrinkage is comparatively small, 0.5-1%; the internal stresses caused by chemical
shrinkage amount to only 5-30 kgf/cm? (smaller values of shrinkage and stresses
are observed in binders based on bifunctional epoxvdiane resins, and higher values
are observed in binders based on EKhD and EPOF polyfuncticnal epoxy resins).

A much greatar role is played by the thermal shrinkaga of the binder and
thermal stresses caused by different linear expansion coefficients of the binder
and glass (the linear expansion coefficient of aluainoborcsilicate glass is 2.0 x
107> 1/°C, and that of epoxy binder, (60-65) x 10~° 1/°C). Even on_slow cooling
(1-3°C/min) che internal stresses in the article are 130-190 kgf/cm-. At a cool-
ing rate of over 3°C/min, the internal stresses increase by 30-40%. Slow cooling
at a rate of 1-3°C/min is particularly important for fiber glass plastic articles
based on more rigid polyfunctional epoxy tresins. Figures 47 and 48 show curves of
internal stresses as a function of cooling rate and chemical structure of the bind-

er. .

The molding temperature and time are determined by the curing kinetics of the
binders and are interdependent factors. The meolding temperatures and times are
selected so as to obtain specified phvsicomechanical properties of the fiber gzlass
plastics. The well-kncwn relation between the degree of curing and phvsicomechani-
cal properties of the binder and fiber glass plastic makes it possible to urilize
the dependence of the degree of curing on the curing temperature and time when
selecting the optimum values of these parameters.

Kinetic curves of curing of epoxyphenolic and epoxyamine binders are saown
in Figs. 49-54. The illustrated data were plotted on the basis of results ob-
tained from a detarmination of the degree of curing by the methods of extraction
in a Soxhlet apparatus and infrared spectroscopy (t being the curing time, n the
amcunt of nonextractable substances present in the binder, and C the amount of
reacted epoxy groups). .

Extraction in a Soxhlet apparatus is based on the decrease in the solubility
of a polymer during its curing. This method is carried out in a simple apparatus
and may be applied to specimens of binder as well as fiber glass plastic. The
infrared spactroscopy method makes it possible to follow the quantitative change
in epoxy groups from the change in absorption intensity at a specified wavelengta
on films of the binder (Fig. 55). This method can be used only with gquality
specimens of binder without foreign inclusions (air, traces of moisture or solvent).

The data presented show a distinct correlation between tne chemica
structure of epoxy resins and their curing rate. The highest curing rate is
characteristic of resorcinol polyfunctional resins. Compositions based on the rréi-
functional epoxycyanurate resin also have a high curing rate ia comparisca with
2poxvdiane resins.
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The polyfunctional resin EKhD, a tetraglycidyl derivative of diaminodichloro-
diphenylmethane, cures more slowly than epoxydiane resin. The reactivity of this
epoxy resin depends on various factors having opposite effects. The increased
functionality is inevitably associated with an increased reactivity. On the other
hand, the presence of halogen atoms reduces the reactivity of the resin.
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Fig. 47. Residual stresses ¢ in films of cured epoxysmine binder based on epoxy-
resorcinol resin EPOF vs cooling rate.

1 - heating of specimens at a rate of 2°C/min and holding at 180°C; 2, 3, 4 -
cooling of specimens at rates of 2, 10 and 60°C/min, respectively.
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Fig. 48. Residual stresses 7 in films of cured =poxyamine binders vs epoxy resin

emploved.

1', 2', 3' = heating of specimens at a rate of 2°C/min; 1, 2, 3 = ccoling of
specimens at a rate of 2°C/min; 1, 1' - ED-13 resin; 2, 2' - EPOF resin; 3, 3' -
ZKhD resin.
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Fig. 49. Kinetics of curing of epoxy

resins with phenolic ressin at 160°C
(based on extraction data).

1 - UP-33 resin; 2 - ETsD-13 resin;
3 - ED-13 resin.
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3. 51. Kinetics of curing of ED-13
epoxy resin with triethanclamine
titanate (based on infrared
spectroscopy daca).

1 - 180°C; 2 - 160°C;
4 - 120°C; 5 - 100°C.

3 - 140°C;
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Fig. 53. Kinetics of curing of epoxy-

pnencl binder based on EZD-13 epoxydiane

resin (based on extraction data).

1 - 200°C; 2 - 180°C; 3 - 160°C;
2 & £l
4 - 140°C,
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Fig. 50. Kinetics of curing of epoxy
resins with triethanolamine titznatez
at 160°C (based on infrared spec~tros-

copy data).

1 - EPOF resin;
3 - EXhD resin.

2 - ED-13 resin;
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Fig. 52. Kinetics of curing of
ED-13 epoxy resin with triethancl-
amine titanate (based on extraction

data).
1 - 180°C; 2 - 160°C; 3 - 140°C;
4 - 120°C; 5 - 100°C
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Fig. 54. RKinetics of curing of EKhD
epoxy resin with triethanolamine
titanate (based on infrared spectros-
copy data).

1 - 180°C; 2 - 160°C; 3 - 1l40°C.




Wwith increasing molding temperature, the rate and degree of curing increase.
For instance, in resorcinol and epoxvdiane resins in the course of curing witn
triethanolamine titanate at 140-130°C, the epoxy groups disappear completely,
whereas at 100-120°C, even during prolonged curing lasting 24 h, from 2 te 3%
of epoxy groups remain unreacted.

In the EXhD resin, the epoxy groups disappear at temperatures of 180-200°C.
In the course of curing at 140°C and 160°C, the spectiral changes cease after
8-10 h, and the band characteristic of epoxy groups, 4500 cm~!, does not dis-
appear completely, attesting to the presence of unreacted epoxy groups in the
composition of the curad products (Fig. 55).
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Fig. 55. Spectra of epoxy resins during curing
with triechanolamine titanate: a - ED=-13 resin;
b - EXhD resin.

immediately before heating;
——=~=-=-a— after the temperature is
raised to 160°C;
,——— after 2 h at 160°C;
essuseewne aiter 8K at 150°C,

The curing of phenol-formaldehyde resin is a complex process involving
several reactions simultaneously, and therefore, it is practically impossible to
calculate the curing rate constant. In <curing with triethanolamine titanate,
for all the epoxy binders studied at a constant temperature of 100-180°C, the
same fraction of epoxy groups react during the same time interval, as can be
graphically expressed by the following linear relation (Fig. 56):

Ca -
In?=l\t. (29)

where Co is the amount of epoxy groups before curing, % (CO = 100%);

a

is the amount of Iree epoxy groups ac a given instant, 7;
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¢t is the curing time, min;
K is the reaction rate constant, min~!.

The linear relaticn between reaction rate and epoxy zroup concentration in-
dicates that the curing reaction of the epoxy resins studied may be assumed to be
firse order,%? which nakes it possible to calculate the curing time at any given /120
temperature in the 100-180°C range. The curing time of different binders deter-
nined from these kinetic curves is given in Table 53.
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Fig. 56. Semilogarithmic plot of curing of ED-13
epoxy resin with triethanolamine titanate based
on data of spectral analysis.

1= 180%; 2 - 160°Cc; 3 = 140°C; 4 = 120°C;

5 = 100°C.

As was statzad atove, for epoxyamine binders, the curing time is determined
from spectral analysis data; for epoxyphenolic binders, it.is determined from ex~
traction data (because of the difficulties involved in preparing specimensj, and
the curing time usad is the solubilicy loss time plus 30%, allowing for the error
of the extraction method.

In calculaticns of the curing rate and time for epoxyamine binders at different
temperatures, use may be made of the Arrhenius equation (Fig. 57):

-4

K=Ke T, (30)

where X is the rate constant;

KO is the preexponencial factor;

E is the activation energy;




R is the gas constant;
T is the curing temperature.

In estimating the kinetics of curing iavolving a simultaneous changze in
temperature and curing tize, it is of interesc to use he method of mathematical
planning of the experiment. An experiment-planning scheme is illustrated with the
example of epexvamine binder based on ZD-13 resin.

n
a

The equation obtained is

R = 83,3 - 12,8x, -+ 4,965 — 2,0¢] + 0,863 — ;52 1)

10 % are, respectively, the curing tize and temperature ia arbitrary /121
~ units;

R is the degree of curing, Z.

where x

Equation (31) applies in the temperature range om 100° to 180°C.
. The final choice of the molding conditions must be made on the basis of re-
sults obtained from the determination of the phvsicomechanizal properties of the

binders and fiber glass plastics.
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Fig. 57. Reaction rate constant K cf curing of
ED-13 epoxv resin with triethanolamine titanate
as a function of temperature ia Arrhenius coordinates.

Results of tests of the physicomechanical properties of epcxy binders and
fiber gzlass plastics fabricated under different conditions are shown in Tables
59-64. Analvsis of the results shows that in contrast to the degree of curiag,
the mechanical properties are determined not only by the meclding temperature and
time, but also bv the heating rate up to the wmolding temperature.
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Table 38
Conditions for
based on various binders

molding

ship machine building articles from Iiber glass plastics

'Molding

] i el |Specific |Helding !Heating

Binder | Resin i e { temperatures molding ltime at ‘rate,
i , ! 2280t | oG |pressure, Imolding lec/min
: | ! kgf/cm = | cemperature,|
r ! ! ! . | win |
[ - : - ; ‘ :
| Epoxyphenol-  ED-13 |Resorcinol | 160 i 25-100 ] 60 ' il
! ic ' | type phenok ! !
| ‘ | formaldehyde ! |
{ : Iresin | i ! t
. Same | UP-63 | 3ame I 160 I 25-100 ! 30 | 0.5
; ETsD-13 | 5 | 180 [ 25-100 | 50 i 1
Epoxyanine i ED-13 iTriethanol- 150 } 15-30 | cQ i 1
I i |amine [ ! | i
| | | titanate | i | |
' {  ETsD-13  Same i 160 G S G P
{ | ue63 | o | 16D ji15=500 60 [ 0.5
| b EfoE | " | 150 ‘ 15-s0 | 40 0.5
‘ o T I L j 180 l 15-50 | 150 0.5
: | ED-13  |Diamino- 180 | 15-50 | 120 1
| ! 1diphenyl— % ? } |
! | jdichloro- | | ( {
f i jmethane | i
| | EXaD  Same | 180 ' 15-50 l 180 0.5
| Epoxy~- { E£hD /Rescrcinol ! 160 | 25-100 | 90 8.5
|resorcinol ; i i l [
Table 59

Physicomechanical properties of epoxyphenoliz binder vs curing .cmperature aud heat-

ing rate

/122

| Curing temperature, 200°C

|

=
‘Curing tempera=

?Heating (6-8 h) !

1
|

i:ure,
!

160°C

|

-4 e 1
EEOpELCy jat 100°C ar a |Heating rate|Heating |Beating rate
{rate of 20°C/min|20°C/min rate 3°C/mk 3°C/min
ito 200°C ! '
| | | |
; Adnesion, xgf/mm? 0.75 [l Le25 Y i 2.40
| Strength, kgf/om & | { i
i tansile | Ls 3.1 | 7.0 (N
! bending ! Slip out of i A { 10.0 ! 9.9
! ! clamps | !
compressive - 5 - | 18.2 80
Impact strength, 31ip out of [ 0.03 ! 0.08L ! 0.08
kgf m/ca? clamps
Note. Adhesion of 2poxvphenolic binders was determined by A. F. Nikclavev's

method. **

Curing time was 30 min.
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Table /2
Effect of molding temperature on the physicomechanical properties of epoxy-glass
plastics

| Glass Plastic {Pressing| Strength, kgf/mm? brmoact
i tempera-‘ ;:;e:‘;:r

Resini Curing AgZent ture, ’C‘xeﬁsile Compres- ‘Sending [acer=NN s s
| i I I sive | {Taminar {8° R/
! ! { | { | Shear | i
i ] 1 T |
{Ep-13{Triethanolamine 140 | 80.5 | 54.0 | 82.0 | 7.3 4.6
{ | titanate Y60/ | 80.0° | 55.0 | 820 | 7.2 4.7
' z 180 | 82.0 | S6.0 ! 8.0 | 6.5 | 4.3
; ' 2008 IINa 2 s NS0 8.0l 15T 4.0
|EXhD |Triethanolamine I 140 [ 86.5 | 69.0 | 98.0 | 9.8 [ 4.8
l | titanate | 160 | 85.0 1 70.0 [100.0 9.8 )

‘ | 180 ! 8.0 | 70.0 (100.0 | $.0 | 4.5

i | 200 | 86.0 | 69.5 | 99.0 | 8.0 L 3.9 {
ZD-13 Phenol-formaldenvde | 160 | 64.0 | 46.2 | 6.0 | 6.9 | 43 |
| resin J 200 | 66.0 | 44.7 | 69.1 ! 6.2 | 3.6

i  Note. Heating rate, 0.3°C/ain.

{ —

Note. Curing temperature, 160°C.

Table 63
Effect of holding tizme on the physicomechanical properties of epoxyamine binders
i {Holding | Strength, kgf/mm? i 161355 i g
| I time.g | rengta, kg |Impact |Transi-  adhesive tric  hard-
|Resin | n ’ |Tensile |Compres~ 3ending ,St—eng h! c;;n ter- strength, con- | ness,
| ! sive i |kgf m/fem= perature, kgf/mm~ stant g/ mme
i i ! i | A
|£D-13 | 2 | 6.8 | 18.0 | 10.5 0.35 98.5 3.0 3.2 16.5
; IR AR I (oA SR e R i 2.3 3.2 {i7.0
! i
legws | 2 | 80 | 258 [ 123 006 (1.2 | &6 3.4 [30.0
|~ - | 9.5 e el S ! 0+12 |158.6 < 3.4 {33.0
i
!

For epoxyphenolic binders, both excessively rapid heating (15-20°C/min) :o
160-200°C and protracting of heating stages at 60-100°C ara dangerous. Cbvious=-
1y, the proportions required between the rates of the main znd side reactions
are disrupted in both cases. On rapid curing, the polvmer obtained is brittle
and inhomogeneous in composition. The tensile, bending and impact strengths of
the binder cured by rapid heating to 200°C are 2-2.5 times lower thaa ca heating
at a rate of 1-3°C/min. The cohesive strength of the binder whose heating stage
was protracted it 60-100°C was 4=4,4 times lower, and the adhesive strength, 3
tizes lcwer than those of the binder cured under optimunm conditions.
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Table 54
Effect of nolding time on the physicomechanical properties of epoxvamine gzlass
plastics

Strength, kgf/mm < |

f | : Izpact
j Resin Holding | Temsile |Compressivel Bending i Interlaminar Strength, !
| | time, h ’ j | i shear {kgf m/cm<
| i . ; i
! ; ! 2 80.0 | 55.0 | s2.0 | P47 |
o a I i
gl e ‘ 8l.5 | 560 | 2.3 | 7.3 | 4.6 .
| , , : i
]
i 2 | s | 7.0 | 100.0 | 9.8 49 ;
[ = i 15 | 86.4 | 69.8 | 100.4 [ 9.6 L 4.8 @
| |
| Note. Curing temperacure, 160°C
| |
Epoxy resins cured with triethanolamine titanate are l=ss sensitive to heating /123

rate, but fast heating to 160°C is also undesirable in this case. Obviously, cn
brief heating to high temperatures, the initiation rate increases: 4D-30% of
epoxy groups are used up during the fi's: few minutes, but at the same time, the
collision frequency of intermediate polymerization products increases, and the
aumber of chain breaks becomes more fraquent. At the same time, the end products
of curing ccnsist of a multitude of short polymer chains and have low conesive
strength.
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Fig. 58. Tepperature difference as a function of heating time.

1 - in mold; 2 - in article.

The heating rate has a stronger effect on the strength of articles than on
the strength of specimens. At a high heating rate, a considerable delay in the
heating of the middle layers (Fig. 33) is observed in an article because of the
low thermal conductivity of the {iber zglass plastic, causing the curing to occur




at different times and resulting in internal stresses. Thus, for a blade of a
propeller 1.5 m in diameter, when the mold is heated at a rate of 0.8-1.2°C/mir,
the temperatur2 lag in a cross section with a maximum thickness of 60 mm is 50-
20°C. At a heating rate of 5-3°C/min, the temperature lag of the inner layers
for the same blade amounts to 20-30°C and is unacceptable.

In the molding of fiber glass plastic articles for ship machine building,
heating rates from 0.5 to 3°C/min have been established. A heating rate of
0.5°C/min is usaed in the fabrication of large-sized fiber glass plastic arcicles
based on epoxvdiane resins, when the mass of the mold exceeds 2 tons, and for all
other fiber glass plastic articles (irrespective of size) based on polyfunctional
epoxy resins.

Table 59 presents test results for binder specimens prepared at various tempera-
tures. Sp¥cimens cured at 120°C have low cohesive and adhesive strength and micro-
E hardness, this being due to incomplete curing and the presence of unreacted epoxy /125
groups in the structure of the cured tinder.

As the curing temperature is raised above 160°C, the main adhesion centers,
i. e., hydroxyls, disappear, and thermal-oxidative degradation of the binders
takes place, causing a regular decrease in adhesive strength and a sharp increase
in the brittleness of the cured binder. As the curing temperature of the binder
is raised from 160 to 200°C, the residual stresses at the glass-polvmer interface
increase 1.5-fold (Fig. 59). The decrease in the adhesive strength of the binders
inevitably leads to a sharp decrease in che strength of fiber glass plastics,

L particularly in interlaminar shear. As the molding temperature is raised to

200°C, the fatigue scrength of fiber glass plastics under alternating and repeatad
static loads also decreases.

2
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In view of the fact that the durability of a fiber zlass plastic and its de-
lamination resistance are extremely important properties, a molding temperacure of
140-160°C is recommended for ship machine building articles. The load-carrying
capacity of propellers molded at this temperature is 20-3C% higher than that of
propellers molded a:z 200°C.

Tables 63 and 64 gzive the results of tests of binders and fiber glass nlastics
molded for 2 and 15 h at 160°C. The tests show that as the holding time is ¢
tended to 15 h, the cohesive strength and microhardness of the binders increa
and the glass transition temperature rises. At the same time, the adhesive s
and elasticity of the binders decrease. The strength of fiber glass plast
specimens at room temperature remains practically unchanged with increasin
tirze. Increasing the holding time during the molding of fiber glass plast
articlas causes an appreciable increase in heat resistance.
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16. Fiber Glass Plastics with Protective Coacings

With the expanding scope of application of polymeric materials in ship machine

building, it becomes necessary to develop materials combining a high structural
strength with excellent erosion properties under different service conditions.

The principal str
required erosion resistance in many cases.
characterized by the ercsicn of the resin film under the influence of solar radia-

uctural polymer - fiber glass plastic ~ does not possess the
Fiber glass plastic, for example, is

tion and low cavitation resistance and resistance to hydroabrasive and abrasive
wear. These disadvantages of fiber glass plastics limit their use for many

articles in ship machine building where their application would be highly promis-

ing, for example as hydrofoil propellers and pump impellers operating in

corrosive media.

The problem of increasing the erosion resistance of fiber glass plastics is

sclved by craating a surface layer made up of various polymeric materials or metals.
The material is chosen in each specific case on the basis oI the service conditions

and technological characteristics.

The materials used most extensively as surface layers in ship machine building

are thermoplasts, rubbers, polyurethanes and organic coatings.

The application of surface layers may be carried out by jointly molding the
material of the coatiag and che main molding material, or applying on the

finished fiber glass

plastic, When the coating is applied on the finished plastic,

the surface of the latter is subjected to shot blasting and degreased.

Thermoplast-base coatings.

The thermoplasts used for coating fiber zlass
plastics are mainly polyethylene and various brands of fluoroplastics.

of a given thermoplast is made on the basis of its processing and mechanical

properties. Thus, polyethylene. which has a high chemical stability, erosion re-

sistance and water resistance, is recommended as a coating for plastic blades,
rotors and housings of pumps handling corrosive fluids, operating in abrasive
media, etc. Fluoroplastic 4, which has valuable antifriction properties, may be
successfully used in friction components.

The application
wavs.
(a) wusing a la

of a surface layer of thermoplasts is achieved in several

cquer of thermoplasts;

(b) gluing or joint molding of fiber glass plastic with a film of therme-

»lascs;
(¢) cladding.

In the first mechod, the thermoplast lacquer is prepared by dissolving the

polymer in a suitable solvent or solvent mixture.

Depending on the brand of the

polymer and its viscosity, lacquers of different concentrations are prepared.

The coating is applied in layers with a brush or paint sprayer on the cured
The application coanditions
ckness, brand of polymer and

r glass plastic.
ired ccating th
£s - fluoroplas
the coatings.

<

ics of brands 42,

23

&y

-
-

and

re chosen as a functica of the
solvent. Only soluble thermo-
26 - may be used for applying

The choice

as
Pyl




The optimum coating thickness is 100-150 .m. When a coating over 150 .m
thick is obtained in this manner, its adhesion zo the fiber glass plastic de-
clines considerably, so that Iiber glass plastics with such coatings are suitable
only for service under atzospheric conditions, and their use for protecticn against
cavitation and abrasives is ineffective.

This method is best suited for renewing the surface layer of articles, since
it is technolegically simple and may be carried out directly on ships.

It is well known that because of their chemical inertness, all tharmoplasts
have low adhesive strength. To improve the adhesive properties, the fila is
first activated; this consists in treating it with a solution of metallic sodium
in a mixture of naphthalene and tetrahydrofuran for 15 min, then washing with
acetone and water to remove the organic substances and sal:s. £ the activation,
the surface of the f{ilm is coated with an adhesive layer. The adhesive laver used
may consist of epoxy achesives, for example of the follcwing composition: -3
resin - 100 pts. wt. and L-19 low-molecular polyamide - 80 pts. wt. Bonding of
the activated film to tle adhesive layer is carried out at a pressure of 25-30
kgf/cm© and may also be done on the finished fiber glass plastic as well as dur-
ing the molding process.

Despite the activation of the film, this method does not provide fcr a de=-
pendable servize of the fiber glass plastic under complex conditions. At t

same time, the method of bending the film during molding, which requires no addi-
tional operations and does not prolong the technological fabrication cycle, is

a very promising one.

The most effective method of increasing the adhesion of film coatings is
the inctroduction of epoxy compositions into the thermoplasts. he compositio
of the thermosetting fila is chosen sc as to obtain its high adhesion while pre-
serving all the attractive properties of the thermoplast. One such material
that has been developed is an epoxyfluorcplastic film based on fluoroplastics
and an epoxy composition in the proportion of 80:20 to 92:8. Fluoroplastics of
brands 42, 26 and 23 are used in the newly developed film.

To preserve the specified proportion of the ccmponeats and ensure the
joint curing of the molding material and surface layer, the melting temperature
of the surface layer matarial should correspond to the curing tamperature of the
binder and amount to 150-180°C (depending on the type of binder employed).

When the melting temperature of the surface layer material is below the cur-
ing temperature of the binder, the molding invclves mixing of the components of
the surface layer and binder, leading to a disruption of the specified proportions
and a decline in the properties of the surface laver. When a thermosetting film /129
is used having a melting temperature above the curing temperature of tne molding
material, joinc curing of the laminate is not achieved, and the adhesion declines
sharply.

To make the film convenient to nandle and prevent its stickiness, it is
necessary to use sclid compcnents of an epoxy composition, for example, solid
apoxydiane resins with a molecular weight of 800-1200, which are compatible with
cluoroplastics. To obtain a long storage pariod of the film, the curing agent
should have a low activity at room temperatures. Therefore, aromatic polvamines
may be used as the curing agent, with a melling temperstura not below 100°C, fer
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example, 3,3',5,5'-tecrachloro~4,4'-diaminodiphenylmechane, 3,3'-dichloro=4,4'-
diaminodiphenylmethane, 4,4'-diaminodiphenyl sulfone.

The cladding method is based on the penetrability of a molten thermaplast.
In cladding, adhesive scrength is achieved by mechanical bonding of the thermc-
plast to the cells of the glass fabric.™”

Cladding consists of the following operations. The thermoplast powder is
applied on the shaping blanks of nonimpregnated glass fabric and melted in a :zlosed
zmold under pressure, 2ecause of the high viscosity of the melr, the thermecplast
penetrates only partially into the thickness of the glass fiber, and the other
side of cthe latter remains free of the thermoplast. The clad blank is coated with
a solution of binder on the unprotected side and dried until the solvent is drivan
off. The blank obtained, one side of which is coated with the thermoplast melt,
and the other side with the binder, is molded along with the main stack of blanks
under the schedule usually emploved for the given type of fiber glass plastic.

In selecting the brand of thermoplast, it is necessary to consider tha Zollow-
ing conditionms:

(a) the thermoplast must have a high viscosity of the melt to ensura oaly 4
partial penetration of the thermoplast into the cells of the glass fabric;

(b) the melcing temperature of the thermoplast should be higher than thac
of the viscofluid state of the binder to aveid mixingz the binder and material of
the surface layer in the course of the molding.

Rubber-base coatings. Rubber, which has nighly elastic properties, witistands
abrasive, hydroabrasive and cavitation wear better than other materials. Because
of their high elasticity, rubber ccatings absorb most of the k.netic energy ex-
pendad in reversible deformations.

The highest wear resistance is exhibited by rubbers based on Nairit and poly-
urethane rubbers.

Rubberizing may be accomplishad in two ways: Dbonding calibrated uncurad
rubber to cured fiber glass plastic, followed b heat treatment in molds at a
specific pressure of 100-150 kgf/cm<, and suitable temperatures and rubber /130
vulcanization times, and
joint molding of impregnated glass fabric with vulcanized calibrated rubber
under conditions selected for molding the given tvpe of fiber glass plastic.

In toth cases, use is made of adhesive sublavers, the best of which is
leuconate adhesive (MRIU 6~-14-235-69). Leuconate is a 13-21% solution of para-
triphenylmethane triisocyanate in dichloroethane. Ia the first method, to in-
crease the adhesion, the surface of the fiber glass plastic is subjected to shot
blasting and degreasing, and the adhesive sublayer is appiied onm it. In the
second method, the adhesive sublaver is applied on the surface of rubber sreactivated
with concentrated sulfuric acid.

Rubber coatings are easily damaged in service bacause of the low cohesive
strength of rubber.

Polyurethane-3ase coatings. In their properties, polyurethanes are analozous
%o rubber coatings, but excel them {n wear resistance. The technology of applica-
tion of polyurethane coatinzs on fiber glass plastic articles is similar to that
of application of polyurethanes on metal articles and is described in detail in
Caapter 10.
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17. Merallizacion of Fiber Class Plascics
Metal coatings impart special propercies to fiber glass plastics and improve
2 P pror ? P
their erosion resistance.

Valuable properties of the coatings are manifestad when their thickness is
less than 1 ym. In most cases, the metal is held on the fiber zglass plastic by
the physical bonds between the molecules of che metal and macromolecules of the
binder. When metallized articles are used at fluctuating temperatures, it is
necessary to consider the existing significant difference between the linear ex~
pansion coefficients of the metal and fiber glass plastic (a 2 to 10-fold
difference), which gives rise to internal stresses.

A substantial number of methods of metallizing fiber glass plastics are known;
vacuum evaporaticn, cathode sputtering, reduction of the metal from zaseous compounds,
chemical and electroplating, and metal spraying. In practice, the latter three
methods have become the most popular onmes.

The methcd of obtaining metal coactings by chemical reduction of metals from
salts or complex compounds consists in carryiag out oxidation-reduction reactions
based on electron exchange. The rate of the reaction, i. e., reduction of the
metal, depends on the type of reductant, hydrogen ion concentration (pH), tempera-
ture, and presence of a catalyst. Metal ions bound into complex compounds are /131
most e2asily reduced. The adhesive strength of a metal coacing obrained in this
manner is determined by the adhesion between the suriaces of the metal and fiber
glass plastic and is a function of the wettability and roughness of the fiter zlass
plastic surface.

The chemical metallization method produces smooth, brilliant and matte sur-
faces. Disadvantages of this method include a complex preparation of the surface,
the difficulty of zmetallizing large-sized and shaped articles, considerable lakor
intensity, and high losses of metal due to i:s deposition on the tub walls.

A new chemical mwetallization method - the sorption mathod - has been developed in
the last few years.

Electroplating metallization is based on the deposition of metals from aquecus
solutions or salts by electrolysis. The quality of the coatings depends on the
electrolysis conditions, conceatration of the salt of the deposited metal in the
electrolyte, temperature, current density and shape of the article.

In many cases, to increase the adhesion of the electrodeposit, carbon black
or graohite, which under suitable conditions becomes exposed, is introduced into
the binder of the fiber glass plastics. The best adhesicn of electrodeposits s
acaieved by means of special etching, for example in concentrated sulfuricz acid
or a mixture of sulfuric and chromic acids. Etching c¢f the surface leads to the
formation of microchannels and microcavities which are filled with chemically ve-
ducad copper, silver, or palladium. The current-conducting layer obtained is
subjected to copper, nickel, or chromium plating. An electrodeposit 30 um taick
has a high wear and corrosion resistance.

The chief disadvantages of electroplating are the high cost, complexity, and
difficulcy of the process.




Cne of the cheapest and most universal metallization methods is spraving.
This is a thermomechanical process, in which the molten metal is pulverized into
fine particles by an air jet and deposited cn the surface of the article. The
spraying method may be used to obtain a coating cthickness up to several mil
meters. Metals or their alloys with fairly low melting poiats are used Zor
ing.

ations:
he coatirngz.

3

The technological process of spraying involves three consecutive ope
preparation of the surface, deposition of the coating, and treatment of t

Preparaticn of the surface consists in degreasing it and making it rough by
means of shot blasting treatment. The spray coating is then carried out in a
special metallization chamber.

Depending on the initial state of the sprayed metals and method of their
fusion, the spraving i{s carried ocut by using diZferent types of equipment:

wira zas type;

wire electric-arc tyne;

powder type;

operating on liguid meta

In the metallization of fiber glass plastics, the articles cannot be heated
above 100°C.

The best spraving results are obtained with a normal direction of motion
the metal particles. If the particles are incident on the surface beinz spra
at an angle smaller than 60°, they are reflected from it. The distance from
nozzle of the zetallization device to the workpiece should be 10-15 ecm. If this
distance is greater, the diameter of the metal-air jet iacreases, the velocity o
the sprayed particles decreases, and oxidation and the porosity of the cecating i
crease. Thus, for example, when the distance from workpiece to the nozzle is
30 cm, the oxide content of the coating is 407, its wear resistance decreases
by a factor of 5-10 and its hardness by a factor of two.
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For each type of sprayed metal, there is an upper limit of coating t
above which the metal peels off and cracks. Thus, for zinc this value is 0.15-
0.20 mm, and for aluminum, 0.3-0.4 mm.

A coating cbtained by spraying has no metallic luster, is qui%te porous (u
607% by volume) and has a rough surface. To give the surface the necessary fi
and reduce the porosity, the coating is polished after spraving.

Metallization markedly increases the heat resistance of fiber glass plastics,
this being due to the high reflectivity and thermal conductivity of tha2 metal.
Metal coatings reflect up to 92% of luminous and thermal radiation. The cecatings
increase the chemical resistance and dimensional stability of articles used at
elevated temperatures. The working temperatures of articles after metallization
are raised by 50-100°C.

Metal coatings decrease the water absorpticn of articles made of fiber glass
plastics and incrzase their resistance to corrosive media. The erosion resistance
to abrasive and hydroabrasive wear of the articles is markedly improved. TFor ex-
ample, the abrasive wear resistance of fiber glass plastic articles a

.6
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a steel coating is five times greater than the erosion resistance of the same

articles without a coatiag.<?




At the present time, the plastics metallization technology is bei
improved, and the industrial application of metallized polymers is r
creasing. Thus, while in 19635 the consumption of metallized ABC cop
shipbuilding was 300 comns, in 1970 it rose to 2,000 toms.

In the merallization of plastic articl
the assortment ©f polvmers suitable for me
main groups of plastics are discinguished
between the polymer and metal coating.

ssary to consider that
t is very limited. Three
o the magnitude of adhesicn

b
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The first group includes polymers providing for high tear resistance (3-5 kg)
and an adhesion strength stable with time, suca as special grades of ABC copolymers,
polypropylene and polysulfone. The second group includes polvester resins and
certain copolymers of styrene, for example with acrylonitrile or butadiene.
Metallization of such polymers is zost desirable when thev are used for the fabrica-
tion of comparatively small articles of spnerical and round shapes, since achesion
in such cases is achieved only as a result of che so-called enveloping effact.

The chird group of plastics, which lends itself least to metallization, in
cludes polyvinyl chloricde, polyamides, epoxy, phenol-formaldehyde and urea-formalde-
hyde resins, polvcarbonates, and polyformaldehyde. Some of these plastics can be
successfully metallized by spraying. However, metal ccatings on articles made of
such plastics usually exhibit poor resistance to mechanical and thermal stresses.

Of great importance is a proper selection of articles suitable for metalliza-
ticn. In each case, the selection of the article is determined by economic,
technological and service consideraticns, which are taken iato account ian the
selecticn of the metallization method and brand cof plastic. The shape and design
of the article musc meet the requirements of the technolozical metallization
process, since they determine the adhesive stremgth of the metal coating.

The characteristics of each metallization method must be considered; for ex-
ample, in electroplating metallization - the ncnuniformity of the metal coating
on the surzace of the article: the metal deposits faster on faces and projections
than in depressicns, recesses, cavities and covered areas.
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Chapter 5. 3BaASIC PRINCIPLES
PLAST

ARTICLES MADE OF

DESIGN OF SHIP MAC
CS AND EQUIPMENT FOR
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Basic Principles of Design of Articles

As was noted previcusly, epoxy zlass plastics are used in ship machine build-
ing for making ship propellers, fan and pump impe--era various types of fairings,
etc. In view of che relatively limited experience in the fabrication o' such
articles from fiber glass plastics, there are nc special methods of their struc-
tural design, and as a rule, the design of such articles is carried out at the
present time by using methods adopted for the corresponding metal articles. How-
ever, all designs used for metals cannot be mechanically transferred to the design
of articles made of fiber glass plastics. It is nacessary to consider such
characteristics of fiber glass plastics as anisotropy of physicomechanical proper-
ties, brittleness of glass fiber, less elastic properties, relatively low fatigue
strength, etc.

In the design of articles made of fiber glass plastics, it is necessary to
avoid abrupt changes in thickness and discontinuous junctions, since this is
associated with sharp bends and breaks of the gzlass fiber which inevitably
result in considerable loss of scrength. To obtain equivalent strength and
rigidity margins of metal and plastic articles, their cross sections must some-
times be made thicker. In each individual case, the size of the thickening :is
determined by the relationship between the ulrimate strangth and elastic modulus
of tha plastic and mecal. When shaping th2 cross sections, it is necessary to
keep in mind thac thin sharp edges of fiber glass plastics are insufficiently
strong; the smallest allowable radius of curva*ure of the edges is 0.75-1.5 =m,
depending on the size of the articles.

Wwhen threaded joints are made, it is necessary to use metallic reinforcemen:.
The latter should be made of steel, since its coefficient of linear expansion is
the closest to that of fiber glass plastic. The reinforcing material in the arci
should be oriented so that the maximum number of fibers coincide in vaec::on
w.‘H the trajectory of the principal normal stresses arising in the article dur-
ing service. The remaining fibers should be oriented according to the direction
of action and the relationship of other stresses in the article.®

In addition, when designing articles it is necessary to consider the tac
cal feasibility, relatsd to the limited dimensions of the hydraulic presses an
the difficulties involved in fabricating the equipment.

The design of ship machine building articles made of fiber glass plastics is
discussed in graacest detail by using the example of ship propellers (Fiz. 60).

Ship propellers are made in either all-plastic or composite form. Advantages
of the all-plastic version include a smaller mass of the propeller, low labor in-
tensity of fabrication, and absence of a metal boss and bracing parts.

However, in selacting the version to be constructed, it is necessary to con-
sider the following:

impossibilicy of molding all-plastic propellers larger than 1.2-1.5 2 i
diameter because of the limited dimensions and power of the molding e:ux::en

iopossibility of molding all-plastic propellers having overlappinz bla
(in normal projection);
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Fiz. 60. All-plastic propeller.

1 - fiber glass plastic blade; 2 - reinforcing fud; 3 - fairing nus; &4 - pack-
ing rings; S - lock washer; 6 - edging.

reduction in the strength of all-plastic propellers in the region where
blade meets the boss, due to the bending of the glass fiber unavcidable in tt
region.

Most popular are propellers of composits design, which consist of plastic
blades, metal bosses and metal bracing parts. The joint between the blades and
boss is made rigid for fixed pitch precpellers (FPP). The bosses and bracing parts

of propellers are made from the same'Srands of metals as metal propellers.

The blade cross sections of all-plastic propellers are mad

e 4
than metal ones, and in addicion, the allowed stresses are reduced 25-30%.

0-50% cthicker
by

To reduce the effect of bending of the glass fiber on the strength of the
blades, the radius of the fillets is caken to be egual to (0.04-0.05)D, where D
is the propeller diameter.

The boss of all-plastic propellers is in the shape of a trun
a larger diameter on the forward end of the boss. The conicity o
surface of the bcss is taken to be equal to 1:5 and 1:6. Likewis
a barrel-shaped soss which also has a larger diameter on the r
allowed. The boss diameter shculd be no greater than 0.2-0.2
diameter.

joinc between the

joint and a spiined joiac (




inforced with a mecal hub. 1If the propeller has threaded cpen s, reinforced
metal elements are provided for them. To improve the bond between the reinforc-
ing hub and che fiber glass plastic, knurling in the form of radial and axial

s %
grooves is made on the outer suriace of the hud. In the case of 2 splined
joint between the propeller and shaft, the use of a rainforcing hub may be omitted.

To provide for the necessary strength, the chickness t of the fiber 2lass
plastic layer around the reinforcing hub is
03(1'-\!<a,“, (32)
where d is the diameter of the reinforcing hub;
bmax is the maximum blade thickness in the root seccicn.

Because of the lower shearing strength of fiber gzlass rlascic in comparison
with metal, all the locking elements (clearance iugs of lock washers, screws,
ecc.) are placed in the reinforced metal hubs. To protect the end of the shaft
from penetracion of water from the rear and fcrward ends, the boss is sealed with
guskets or cord made of rubber and foam plastic. The fairing nuts are made as in

metal propellers.

Fig. 51. Splined joint between all-plastic propeller and.shaft.

In desiganing propellers in the composite version (Fig. 52) rticular acten-
tion should be given to the choice of the type of joint batween e blades and
boss, since this component carries the highest load and is difficult to build.

The use of a desizn for mouncing piastic blades which ~"n1-ua:e the mounting of
metal blades (the blades had a jcining flange and were mounted on the boss by

means of mounting oins) has led to negative results, i. e., breakage of the blades.
The blades broke along the flange. An analysis of the causes of the failure

pa
th

showed that in this design, it is impossible to cbtain a blade with the appropriate
trength, since the glass fibers in the junction area between the blade and the
flange are inevitably subjected to bending that lsads :to a marked decrease in local

strength.
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Fig. 62. Composite propeller
with plastic blades.

From the standpoint of maximum utilizacion of glass Ifiber strangth, the best
mounting design is the wedge-shaped type,i. e., the soc-called dovetail, in which
the blade root is a natural extansion of the blade v ery slight change in
thickness. Wedge-shaped mounting is reliable In ser d requires the small-
ast boss dimensions. When mounted {n this manner, the blade tas a root in the
shape of a truncated wedge with a small angle at the apex. A wedge-shaped slot
of suitable dimensions is made on the boss, thea the blade iz inserted into this

slot and rigidly mounted.>’

19. Technological Molding Equipment

The chief type of technological equipment used for making ship machine build-
ing arcticles from hot-pressed epoxy glass plastic are press molds. Press molds
must meet stringent requirements for accuracy and finish of the shaping surfaces,
since their quality determines the accuracy and suriace finish of fiber glass
plastic articles.

Depending on the dimensions of the molded article, both loose and fixed type
press molds may be employed. Press molds with a mass no greater than 25 kg may
be made loose, and as an exception, loose press wolds of greater mass (up to 100
kg) may be allowed for making experimental specimens. As a rule, fixed press
molds, which considerably facilitate the molder's work, are used for molding
articles used in ship machine building.

Structurally, press molds may be of open or closed type. The latter are
most convenient to handle and produce articles of the best quality. The seam
obtained with closed type molds is practically insignificant and does not affect
the dimensions of the artsicle. However, fabricaticn of such molds for intricate-
shaped articles is very costly, and therefors their use is justified only Zor
articles of simple configuration.>®
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Open-type molds with a horizontal splitting plane without chargzingz chamber
are used for fabricating articles of complex configuration such as ship propeller
blades, tu

"

bine impellers, ecc.

Open-tvpe molds are easier to fabricate and their design is sizmple and con-
venient ia placing the parisons of moiding material and unmolding the article,
In the course of molding in such molds, a seam that must be removed is formed in

the junction between the cie and che force. In steel press molds, the die should
3
hie =

ave a shearing lock for pressure trimming of the sean.

The parts of press molds may be divided into two groups:

those participating direcctly in the shaping of the article (die, force, lin-
ings, cores, inserts, rings, pushers), and those performing auxiliary operations /139
in joining the parts of the press mold and opening, heating and ccoling it, etc.
(force holders, bands, heating platens, heating elements, upper and lower platens,
supporting platens guiding the columns and inserts, mounting parts) .

Press mold parts of the first group operate at high loads wi prolonged
neating at 160-170°C. For this reason, materials usac for tt

hese press wmold
parts snould be machinable and have mininum deformations during heat treatment
and high hardness, wear resistance, heat resistanca and mechanical strengti.

e

Fig. 63. Mold for all-plastic
propeller.
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tion
ume does not axcead a few hundred articles, use may be made of cheaper and

These requirements are met by tool and alloy steals. When the productic
7ol
machinable carbon and structural alloy steels.

When the rroducticn volume does not exceed 100 pieces, aluminum allovs su

ch
as silumins may be used for prass mold parts of the first group. Silumins (alloys
baseu on the aluminum-silicon system) have the necessary casting properties combined
with S

satisfactocy mechanical properties. Silumin press molds are 1.5-2 times le
»pensive than steel cnes.

®

1 appreci intensity of fabrication of
oress molds for ship machine bui hieved by using zetal-cement
press molds. Such molds are 3 r than steel molds, and the




duration of their fabrication is reduced bv a factor of ~ are
recommendad for molding a small number of articles (not more than 20 becasuse
oI their low wear resistance).
Metal-cement press molds (Fiz. 53) comsist of the following main parcs:
welded bodies of the diss and punches of shaping shells, filler, suppor: olates,
and parts for unmolding. Of chese parts, those subjected to the most wear are
movadble cores, guiding columns and bushings, and therefore in order to raise
the resistance, they are subjected tc hear treatment and chromizing. /140

Press mold parts of the second group are made of cardon sceels in all -ases.

In determining the position of an article in a press mcld, the fellowing
5taps are taken:

(2) one-piece propellers are placed with the plane of the disk perpendicular
to the direction of pressing, and with the suction surface facinz the die;

(b) individual blades are placed with the plane of tne largest preojection
perpendicular co the direction of pressing;

(¢) <Zzirings are placed with their axes in the direction of pressing.

With these positions of the articles in the press mcld, the best aclding
conditions are achieved, the possibility of slipping of the parisons upon applicz-
tion of the pressure is eliminatad, the design of the press mold is simplified,
and its height dimensions are decreased,

In making unions of press mold parcs, fixed joints of the shaping cores with
the force and die, on the one hand, and joints of guiding columns with bushi
are achieved by means of ctunking or force fit. Movabla joincs of shaping co
and pushers with the force and die are mad2 by use of running fir, and movab
joints of guiding columns with bushings - by use of running f 3
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The quality of the articles is determined to a large degree by the finis
of the shaping surfaces of the press nolds, which should be 1-2 classes hizhe
than the required surface finish of the articles. Thus, the shaping surfaces

-~

of the press mold die and force should have a finish of at least class 3-10.

T

The surface finish of articles which do not directly participate in the shap-
ing of an article (lateral surfaces of forces and dies) and the finish of the mat-
ing surfaces of the guiding elemencs and parts (guiding columns and bushings)
should not be below class 8.

Fig. 64. Press mold for individual

blace.
. 1l - electric heater; 2 - die in-
pe sert; 3 - die helder; 4 = shaping
K insert; 5 - force insert; 6 -
4 force holder; 7 - pin; & - force;
> 9 - die; 10 - heating platen.
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ss molds for molding ship machine building articles from ho
epoxy-zlass plasctics must de heated to 160U-170°C. The shaping sur?
have a uniform temperature field with deviazions no greater than =3 141
appreciable inhomogeneity of the force and d thicknesses during m
intricate-shaped articles leads to major difficulties inm providing
temperature field. A more uniform field can be obtainee by resmcving he 4
Zrom the shaping surfaces and reducing the total amount of heat supplied. How-

ever, all these steps increase the press mold heating time, i. e., proleag the
aolding cycle,

In practice, steam and electric heating of press molds are the two principal
methods used. Steam heating is less expensive and can bSe closely controlled.
However, it can b2 used only by plants with the necessary boiler equipment. The
heating lines through which the steam is circulated are usually made in the heacing
platens, and sometimes in the force or die base itseif. The total lengeth and
nudber of the lines are determined by calculation according to the steam parameters.

The chiel cype of electric heating used Zor press zolds is ohmic heating wich
tubular eleaents.

Fig. 65. Press mold for propelle
fairing.

1 - force holder; 2 - ring;

3 - spring; & - force head:

S - ejeccor; 6 - die inserc;

7 - cyliadrical core; 8 - die;

9 ~ induction coil.

In the construction of press molds with a high relative height (H/D = 2-4,
where H is the height and D is the outside diameter cf the press moid), for ex-
ample press molds for propeller fairings, heating with tubular elements is in-
efficiant and does not provide for the required zemperature uniformitv. Ia such
cases, induction heating with industrisl frequency current is used for sceel press
molds. The induction coils are made in the form of spiral cylinders of copper
tubing. The calculation of induction heating amounts to determining the power
and dimensions of the induction coil.

As an example, Fizs. 63-65 show press molds for all-plastic propellers,
blades and propeller fairiags.




{NOLOGY OF FAERICATION OF FIBER GLA
MACHINE BUILDING

Ship propellers, parts of airfoil fans, pump impellers and blades of com-
pressors made of fiber glass plastics have much in common in their fabricaticn
technolegzy. These articles are usually made with a meral edging that increases
their shock resistance and operational reliability.

The process of fabrication of such articles from fiber zlass plastics in-~
udes the following operations: cutting of the molding material and preparatiocn
che edging, placing of the molding materials in the mold and preforming, plac-
3 the adging on the preform, holding at temperature under pressura and cooling,
and nally, unmolding followed by macnining.

1
L
n

PhO 2]

"o

In the molding of intricate-shaped fiber zlass plastic articles, the cpera-
tions involving preparation and placement of the mclding material are of parti
importance, since the correct placement assures the necessary geometry and ext
appearance of the article. This is cue to the fact that a fiber glass plasti:
laminate is characterized by a low flowadility of the molding material, so that i:s
ability to be redistributed over the cavity of the press mold under the iniluence
of pressure is extremely limited. As an example, the technologv of fabrication

of all-plastic and composite ship preopellers is discussed in detail below

cular
ernal

The shape and dlmeﬁsxons of composite propeller blades requirad by rhe drawing
are achieved by usi ng a packet of blanks of impregnated glass fabric, cut in
accordance with the drawing of the articles.

Cutting of blanks out of imprzgnaced glass fabric is carried out accordiag
to the drawings, which are made as follows The cross sections of the developed
coatour cf the blade ara cut everv 2-4 mm by planes parallel to the chord of the
section. The contours of the tenplates are drawn by using the points cbrained.
A graphical version of a cut-out arcticle is shown in Fig. 66.

Fig. 66. iagram cf templates
for cutting the molding material
for a propeller blade.




The required number of blanks is calculated from the Zollowing formulas:
number of main blanks per blade

Ry = -29% §;

o A¢ (33)
number of blanks shapinag the blade root,

(4 _—
Ao r=!mic g 24}
T T (24)

where cm is the blade thickness in the root secticn, mm;

is the thickness of one sheet of impregnated glass fabric, m=m;
is the maximum thickness of the blade root, mm;

§ is the pressing coefficient of the material.

The pressing coefficient is determined from experimental data obtained by
nolding a test specimen:

where ¢ is the thickness of the molded specimen, mm;
n is the number of blanks.

In prelimirary calculations, the pressing coefficient of giass fabrics im-
pregnated with epoxy binders may be taken as l. 1.35

The number of blanks, determined by calculation, is comnrrolled according to
the mass. Theoretical cutting is refined by experimental controlled placement
of the charge of molding material in a cold press mold; by selecting the positicn /144
cf the numbers of sections, one achieves a smooth transition of the blade inte
the root and the proper shaping of the blades surface and contour. The charge of
blade molding material is also more accurately determined experimentally on the
basis of two to three experimental moldings.

The material is usually cut into blanks manually, using cutters of U8A tool
steel (GOST 1435-64). The molding material to be cut is first matked with templates.
The latter are made 9f polyviayl chloride plastic Getinaks, aluminum, or other
sheet material. When marking the material, it is necessary to follow striccly
a specified orientaticn scheme. A mass-corrected set of blanks is dismantled
strictly by sectfons and stored in a refrigerator at 0 * 5°C.

The edging is macde of stainless brass or steel sheet (Fig. 67).

The inal adjustment of the edging is made cn a modael of the biade beicre
complete adhesion to the model is obtained. The points of the edging sheet are
set so that the distance between them is not lass chan twice the thickness of
the blade edge, and bent at a 30° angle.

The inner surface of e e
coatad with a layer of 3F-4 But
Butvar-phenol adhesive in ase
the edgings and the »lade mater

h water, dried, and
72-68). The

al.




3
FYVIYVIY
N )
PPN
o)
Cirrovoveoverey
A
¢) ==
AN
X o
e
Q
o,

Fig. 57. Diagram of preparation of edging: a - spreadinz out of the edging
after the cutting of teech and drilling of holes; b - edging after preliminary
bending; ¢ - e2dging after bending to radius and model; d - edzing after setting
and bending of teeth.

The material i{s placed in a press mold preheared to 40-30°C. A separating
layer is first applied on the working surface of the force and die. A X-21
(MRTU 6=02-457-63) organosilicon fluidof 10% concentration is most frequently
used as the separating layer. Applicaticn of this fluid requires heat treatzeat
for 2 h ac 210-230°C. The organosilicon separating layer withstands 10 to 20
moldings.

The lower half of the stack of blanks is placed in the die ia order of in-
creasinz numbers, and the upper svmmetric half of the stack is placed in reverse
order. During the placement, all the main blanks are interlaid with additiomal
blanks of the root. If necessary, periodic premoldings of the material are
performed ia order to compact it at a specific pressure of 0.5 Pag
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After all the blanks have been placed, preforming is carrie
effective molding pressure for 3-5 min at 40-50°C. .

The shaped preform is cut along its contour by 5-8 mm (de
of the blade), then the edging is placed on the blade. The ed
with a press for 3-5 min ac a specific pressure of 0.2-0.3 »
placed =dging should be uniformly compressed over the entire
with a maximum clearance of 3 mm, no marks of "bi:zing" of the
of the taeth being permittad,

ending on the size
ing is reduced
The carefully

r of the blade
ng or uanbending

The press mold is closed, and the molding is carri
schedule worked out for the given type of fiber glass plas

The moided blade is machined. The machining is performe
the plade edges, in order to remove the seams a 3

[
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curvature required dy the drawing and for an edge finish not below 76;
the lateral faces of the root of a detachable blade for placing the blade
in the slot of che hub by sliding fit with the required space.

The removal of th am along the contour and the of the edges ara
done with a hand tool al hack saws, files, emery a pneumatic hand
tool. Derending on t ickness of the seam and blaue edges, use may be made

of RT-2 trimmers, PN-1 and PN-5 pneumatic hack saws, TsDM and TsDM-30 disk saws,
ShP-2 and ShR-05 pneumatic grinders, and DM-175 trimmers.

se
( et
he th

The lateral faces of che blade root are worked with a cutting tcel used for
metal working, but with a special geometry of the cutting part, the blade being
clamped in a special device.

Acceptance of the blades is based on the rasults of their external inspectic

determination of the blade mass, pitch and radius, and a strength check.
The radius and pitch are determined by means of a portable pitch gauge mounted

directly on the prcpeller hub. A preliminary check of the blade pitch is made
because the adoptad desizns and method of bonding the plastic blade to the metal
nud  make it possible when necessary to correct the blade pitch and reduce the
difference in pitch between the blades by rotating the root in the slot of the hub.
Adjustment of the propeller pitch is used within =10% ci the nominal pitch, ar
thils has practically zo effect on the propulsive qualities of the propeller

During the assembly of the prepaller, che contact sur
joined are degreased and ccated with a thin laver of X-133 epoxy compound. The
blade is zounted in the slots of the hub and press-Zitted with wedges. After
pressing, the ends of the wedges are cut off flusi with the ends of the hub.
Machining of the wedges is not racommended, since this operation invoives a
crumpling of the root that may weaken the joint between the blade and the hub.
Du'ing the pressing of the wedges, the blade root is subjected to compression and
therefore, the lengcth of the compressed part of the wedge is Zirsc calculated to

provide for the required tension. The elements of it of the edges are calcfilated
by a special method.”’ Measurements of deformatiocns have shown that the cempressien
stresses in the root duriang pressing with wedges reach 1C0 &g;/:ﬁ“, wnich amounts

to 2-17% of the compression strength of the fiber glass plastics and is safe.

ed

The assembled propeller is subjected to static balancing on equipment used
for balancing mectal propellers.

The technology of the molding of all-plastic propellers ‘s identical to chat
of molding of blades of composite propellers. Scme chanzes are introduced only
into the cutting and placement of the molding material. The blanks are usually
cut £or each blade separately, since the warp of the zlass fabric =ust be exacecly
parallel along the axis of the blade, and the blades are ac an an in the pro-
peller (Fiz. 68). The root part of each blade blank must end in r.ng forming
the hub.

3:3%
a

The total number of blanks per propeller is determined from the formula
A
1 =2 —— (26)
2 ar
“nare ty {5 the hub length, am;

i{s the prassing coefficient;

faces of the parts to be /[l&




Fig. 68. Templates for cutting
molding material into all-plastic
propeller.

The number of wmain blanks per blade is

t )
. _max (27)

ma At

where L= is the thickness of the blade in the root section, mm.

The number of additional ring blanks necessary for shaping the hub is

g, "0 = ., (38)
5 P ma
Blanks of molding material are placed in a predetermined pattern; the main
ones must adhere closely to the central core. Ring bianks are placed at regular
intervals between the main blanks. The upper part of the hub is shaped only
with ring blanks. During the placement of the blanks, they are additionally
pressed at a specific pressurs of 0.5 Pasf if necessary. Ring blanks are pressed

in the upper part of the hubd by means of special inserts at a specific pressure
of 2-3 kgf/em“.

After molding, the following parts are subjected to machining:

blade edges, to remove the seam and obtain the required radius of curvature
and an edge finish not below 76;

end surfaces of the prcpeller hub, to achieve the requirad dimensions alongz
the height of the hub and perpendicularity of the support planes to the proveller
axis;

splined openinz "in the propeller hub, to obtain the required pracisicn of the
opening for mounting on the shaft.

All-plastic propellers are controlled with respect to mass and geometric
dimensions. The unbalance of the propellers is eliminated by drilling holes in
the hub and £illing it with lead.

21. Compressor 3lades

Compressor blades of ship gzas-turbine installations operate in a woving un-
steady flow of gases whose ta2mperature is 200-300°C. During their operaticn, the
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compressc re subjected to the combined action of centrifugal and inertial
forces of character. Moreover, the gas flow ccntains inclusions of
various solid and liguid particles which collide with the blades at speeds of
100-300 m/sec, causing their erosior wear and corrosive damage.

At the present tizme, compresscor blades are made chiefly out of stainless
steels, for example, Khl7N2. The manufacture c¢f intricate-shaped blades from
stainless steel is a laborious process consisting of 20-23 operatichs.

The use of plastics for compresscr blades makes it possible to raduce the
labor intensity of their manufacture by a factor of 10-15, to decrease the mass
of the gas-turbine installation significancly, to raise its efficiency, and to

eliminate corrosive attack of the blades.<®’ ~

Because of increased requirements for the strength and erosion resistanc
of the material of compressor blades madé of polymers, the most suitable ma.er-al
are fiber glass plastics with a special proteczive coatin Thus, Rollis Rovce an
Westinghouse Electric make cempressor blades out of fiber zlass plastics ccn-

ing phenolic and polyimide binders, which sre characterized by 1‘~1 4ea’
resistance. Research is being conducted on the applicatica of carben-filied
plastics.

Favorable experience in the operation of low-pressure s:'aigh:enar ¢compressor
blades of ship gas-turbine installacions operating at 80-100°C has been accumulated
in the Soviet Union. Tuese blades ar= made by hot moldinz in closed-tvpe press
20lds of oriented fitaer glass plastic with a phencol binder {brand 4G-4S). Special
ar:‘e:osion coatings, i. e., polyurethane, metal, and cthers, are used to it

rease the erosion resistance of such blades. The technology cf manufacture of
compres;cr blades is analogous %o that of ship propeller blades.

Extensive use of plastic materials for compressor blades is limited by their
comparatively low heat and erosion r2sistance. Most economical at the present time
is the use of plastics for compressors of experimental turbines, permitting a
considerable raduction of the labor intensicy, cost and period of manufacture of
turbines.

22. Vessels for Storing Gases and Liquids
q

The shape of the vessals for storing ligquid and gasecus products is most
frequently cylindrical or spherical, or a combination of these shapes. Most
convenient from the standpoint of economy of the material and uniform stress
distribution is the spherical shape. The use of reinforced plascics consider-
aoly simplifies the technology cf manufacture of the vessels and reduces their
mass.

The chief method of manufacture of the vessels is windinz, whereby the re-
inforcing macerial impregnated with a kinder is wcund cnto a mandrel under
tension., The heat treatment is carried out con the mandrel in a heating chamber.
Depending on the strength requirements of the vessels, different combinations and
versicns of designs for placing the reinforcing material on the mandrel during
the winding are used in specified directions. In the producticn of cylindrical
vessels operating under pressure, the glass fibers are arranged so thac the
strength of the vessels in the annular direction i3 twice as hign as the stran
in the longitudinal direction.

n
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The choice of equipment for the windin

g is determined by the structure of the
ticle and type of winding. The winding technology and equipment are discussed

re
3 S
i

cetail in the literature.
Vessels made by winding without the use of an inner sealing coating =may bde

: sz 4’ - 2
used at effective pressures up o 4-6 kgf/cm~. At elevated pressure, such con-

tainers fail because of leaks. To improve the gas tightness, coatings oi rubber
and thermoplastic matarials are employed.

23. Propeller Cones

In modern shipbuilding, carbon and stainless steels and nonferrous alloys /149
(bronze and brass) are the chiaf materials used in the production cof propeller
cones. The use of fiber glass plastics makes it possible to reduce the cost of
cones severalfold as a result of the reduction (by a2 facter of 2-%) in the
labor intemsity of manufacturs and savings of scarce metals, and also to decreasa
their mass by a factor of 3-3 in ccmparison with metal cones, and to
zliminate electrochemical corrosion. Positive experience has now been accumulated
(in the course of five-six vears) in the operation of plastic cones of fixed and
variaple pitch propellers 0.3-2.9 m in diameter for variocus types of ships.

In most cases, plastic cones are mounted on a standard portion of a me:al
cone without a change in the joint. In their design, the basis used is the
structure of the corresponding metal comes, the following requirements being
considered:

the surfaces parallel to the direction of pressing are made with technolegi-
cal gradieats of not less than 27%;

undercuts and surfaces with reversed gradient relative to the direction of
junction are not allowed;

fitting sites are made with a gap of third grade of Zit; all tunking (intat-
ference) type fits are reinforced with metal, sinca flucutations in the fit of
the molding material make it impossitle to obtain a grade of fit above three, and
interference fits are gradually weakened by the creep of fiber glass plastics;

stifieners are provided to increase the rigidity of the body in cones cver
500 mm in diameter.

According to the opaerating conditions, cones and their structural elexents
nay be divided into two grouns those designed only to functicn as a stream
lined structure and these additionally performing the functions of sealing the
hud of a variable-pitch propeller. The first group includes standard type fixed-
pitch propeller (7PP) cones and variable pitch propeller (VPP) cones with an in-
sulated hydraulic or mechanical bHlade-setting system (Fig. 49). Such cones
are subjected to a nydrostatic pressure determined by the depth of submersion of
the propeller and to the action of the water thrown by the propeller. Because
of the small magnitude of these loads, comes of the first group usually are not
desizned for strength, and the main geometric dimensions are chosen on the basis
of the following empirical ra2lations: wall thickness t > 5 + 0.0125 D; number

4
of holding-down bolts z 32 Qé: ; diameter of holding-down bolts d > 5 = 0.025D;
thickness of flange under hol
of the cone wall, measured pe
D is the largest diameter of

d. Here t is the thickness
idicularly to the tangent of the cuter contour; /150
am.




Cones of the second group include structural ones used in certain VPP designs
with hydraulic drives and performing the additional function cf sealing the
peller hub. wo practical design variants of such cones have been developed:
one in which the bodv of the cone receives the structural load directly from
and one with an additional partition (rear wall) isolating the cavities of the hub
and cone (Fig. 70).

Rear wall

Fig. 70. Plastic cone with strength
Fig. 69. Plastic cone of FPP. bulkhead of "PP.
Ccnes with a loaded body are used only for propellers up to 1.5 m in diameter
because of the danger that the svstem will spring a leak if cthe cone bod
is camaged.

When the cone body is damaged, depressurizatioan of the aydraulic systen does
aot occur in structures with an additional partition (rear wall). In this case,
cone body is not loaded, and is comstructed according to the empirical formulas

cited. The structural load is carried only by the rear wall, wi
simple shape permitting a more complete utilization of the scrz
fiber glass plastic. A decrease in stress concentration is achievad by means of
a smooth transition from the spherical part of the rear wall ¢

T
ch is made ia a
th of the orieated

€
1 to the flange and by
using special shaped washers under the holding-down tclts. The rear wall at the
site of the seal (contact with the hub) is reinforced with a zetal bushing.

The thickness of the rear wall of the cone is determined by calculatiocm con
the basis of the following assumptions:

the cone material is plane-isotropic and satisfies the continuity conditicn;
the calculated regime i3 quasi-scationary, correspondiang to the maximum load
P with an action time t equal tc the operating time of the cone at this load.

nt, the stress on the critical /151
derermined from a formula
liptical metal bottoms loade

The assumptions used being taken into accou
section of the cone in the calculated regime is
ezploved in boiler construction for designing el
with a uniform internal pressura:
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where p is the effective pressure, kgi/cm<;
D:q is the inside diameter of the cone, cm;
ir
t is the wall thickness, coj
H is the cone height, cm.

The material for the cones is chosen as a function of the operating condi-
tions and magnitude of the lcad. Hot-molded epoxy-glass plastics are used ¢
loaded (structural) comnes.

Table 65.

Mechanical propertiss of 2poxy-zlass plastics as a function of the angle between
the direction of acting force and the direction of glass fabric warp

Angle between directions of actizg force and |
glass fabric warp, ° i

(",
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In a parallel arrangement of gzlass fabric lavers, the fiber glass laminate is
an orthotropic material wicth the highest tensile and bendingz strength indices only

in the principal dirsctions of reinforcement, i. e., at 0° and 90° ang
the direction of the glass fabric warp and the lcad applicaticn axis (
Under cthe influence of hydrostatic pressure, the cone walls are in a p
state, the principal stresses in all the radial directions being equal. Conseguent-
ly, a fiber glass plastic with a traasversally isotropic (plane-isotropic) struc~

ture should be used 11 the manufacture of loaded cones. Such 2 structure is exhibit-

ed by a fiber glass plastic in which the direction of the warp is shifted by a /152
specified angle 1 in each blank (Fig. 71). For manufacturing loaded comes, 2
reiaforcement scheme is recommended in which che direction of the warp is shifted

Sy angle 3 = 30° in each blank.
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According to the existinag technology, during the placement of the meclding
material blank, the press molds are subjectced to volume drawing on the top force in
diagonal directions (;c a 45° angle to the glass fabric warp). To elasticity
to the molding material, the blanks are heated to 40-350°C before being charged.

At 40-50°C, as a :esuL: of >o::eq;~g of the Sinder, the deformability of che
molding material increases, and its curing does not occur.
Fiz angle

agram of rotation of molding material blanks through
t 3 during placement.

is determined on the basis of experimental
of i pregna:ed glass fabric at different angles of
i ve to the glass fabric warp. A diagram of the deformability
ss fabric in color coordinates is shown in Fig. 72. 1In placiang
's desirable to use a blank contour corresponding to the curve
an, but with warp and weft maxima. After being drawn in the
Jzag onal Jire::iau , owing to the relative displacement of the glass fibter fila-
Zents, such a blank assumas the shape of the cone without rupture of the glass
T 73), cverlaoss of the layers, butts, creases, or ridges.

oo

O w
"

During placement, the eads of the blanks are clamped in a special device
rovided in the design cf the press mold and ensuring additicnal tension of the
inforcing material. J

To determine the dimeasions and number of blanks, thé cone is divided into .
is every 5-10 mm., The number of blanks in each section is
determined froam formula (33).

The cones are nolded according to the schedule adopted for the given cype of
nolding material.

S

The material for fabricatiang nonloaded cones can be less strong. Cutofis of
molding materials obtained from the cutting of blanks for structural parts and i
propellers are used for this purpose. In order to incree. = the flow of the /153
material so as to f£ill up the mold better, the cutoffs ara ground up.

Materials obtaine

d £ 5 possess adequate str g:h and w
resistance and are no differen al a o

13th from a ao0lding material
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of molded cutoffs are somewhat grea:cr t
are still withip the acceptable range (w
accendant decrease in strength, 15-20%).
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Fig. 72. Polar diagram of deformation Fig. 73. Blank of impregrated glass
of impregnated glass Zabric. fabric after volume drawing
1 - warp; 2 - wef:.
24. Technical and Economic Advantages of Fiber Glass Plastics

The chief purposa of the use of fiber glass plastics in lieu e
articles used in ship machine building is to a2conomize scarce metals, red
labor intensity of fabrication aad cost of the articles, and .improve thei
properties,

The blades of propellers, turbines compressors, and centrifugal pumps have a
complex configuratioun, aad their rabrication must meet strict pracision and surface
finish requirements. Fabrication of such articles from metals requires the use
of expaasive spezialized equipment, large capital iavestments in the ganizacion
of production and large production facilities, and a considerable 11VEStﬂeﬁ; of
manual labor that does not lend itself very well to mechanization. For example,

according to technical standards, the machining of a propeller casting 3.0 a in
diameter requires 1225 h, including 1740 h of nanual work; the machining of a /154
propeller casting 0.8 m ia diameter raquires 202 h, including 132 h of manual
work. The machining of compressor blades consists of 27 operacions.,

The use of fiber zlass plastics makes it possible to dispense with machining
almost completaly and recuce the Zabrication labor iacensity by a factor
of 3-10 in the case of all~-plastic censtruction and a facto: of 3~3 in the case
of composite construction, and to reduce the requirements for industrial facilizies
and capital irvestments b

a factor of 2-3. The mechanization level is higher,
the numbar of en ra

2duced, and the need for special machines is eliminated.
0f major nat ce metals, since
£ all the ar

inless and alloy




steels. It should also be considered that the mer ueilization
is very low, 0.4-0.6. The replacement of one ton of metal prcuﬁ‘le—
plastic ones saves 530-500 k2 of copper, 350-400 zinc (ia the
brass propellers), 140-200 kg of chromium, and

of stainless steel propellers).

dual case, the cest reduction depends on the batch production,
design, and size of the article. The greatest cost raduction (by a factor of 3-4)
s observed in the production of all-plastic articles which previously had been
made of stainless scteels and brass. A further recucticn of the cost of plastic

articles may be achieved by reducing the cost of the equipzent and inicial cowmpcnents

of the fiber glass plastic (glass reinforcing material, epoxy resins and curing
Ancther way cf cucting costs is to raise the level of standardizarion
and production.

In addition to the economic advantagzes of using plastics instead of mecals,
there are a ausber of performance advantages.
All plasci es used in ship machine building are characterized by a
conside:sblL mas ducticn due to the lower density of Ziber glass plastic. Thus,
£ T rs are three to four cimes lighter than all-steel
t The lo;er mass of plastic
stantially reduciag th

lle
s lighcer than composite ones.

ir assembly on the ship while sub
;ork involved.

e

ns to the wibra-
at :ne source of
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tion preoblea.
increased axial
of the torque

orme d ‘itucLlj on rmps ha
n the propeller-shait-engine sv
rust per complete revolution of
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P
vibration has a Ve eifect on che machinery of causing increased
wear and an accelerated breakdown of its parts, particularly gearing. Many ship
building companies (in the USA, England, FRG, etc.) recommend the use of pro-
péllers ¢ith an incrsased number of blades, from four-five to five-six, as an

ag

ective measure against axial vibration.
the peak of resoaa ace vibrations shifts to higher rotac
ing a decrease of ]D”atlcﬁ amplitude in the n
machinery. wever, increasing the number of blades
duction of propeller efficiency. Cperating experience
plastic propellers makes it possible to obtain the same
torsional oscillations and vibraticns without increasing the

ion of the

ably results in a re-
that the use of

¢ with respect to
nuzber of blades.

The use of pl

as duc:;cw in
sibration of the bod
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tic propellers also permits a considerable
v and acoustic noise. While opera

up a vibration up to 98 dB in the 300-1000
ahtgrpeaﬂ. When the propeiler was replaced a plastic one, the vibration lesvel
at the same points decreased by 10-13 dB. The noise leval con the open deck de=-
creased by 3-7 dB over tha entires frequency range during the operation of the
plastic propeller.
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e

tion into the surrounding medium. At the same
transmittad Dy the propeller to the mechanis

The use of plasti

ic propellers decreases the dynamic and therm
parts of the engine and shaft line and improves their operating eo
of fiber glass plastic precpellers on medium-siz fishing trawlers <e
motor boats nave shown that for the same power load on the =2ngines c
average decrease in the temperature of the gases in the cylinders ig observe
reduction (by 20-40%) in the dynamic and thermal loads and resonance stresses also
has a favorable effect in reducing the wear of friction pairs and increasing their

durabilicy.

In seawater, a metal
(due to the differenc
This is prevented by useo
plastic does not form a galva

Metal alloys from which ship propellers are made low corrosion re-
sistance. Experience s s t after 6-7 months of service, considerable
corresion damage appears on ¢ bon stezl propellers which causes an appreciable
reduction in propulsive performance; after 1.5-2 years, the propellers break down
completely.

iy
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a

Brass propellers are also attacked in water as a result of dezincing cf the

alloy. Dezincing caused by electrochemical corrosion. The action of seawater
gives rise to local curreats based on a potential difference. The zinc s '"washed
out”, and the suriace of the propellers is attacked, reducing their propulsiv
characteristics. In contrast to metals, fiber glass plastics have high corrosion
resistance, and c~e*e'ore, fiber glass plastic propellers undergo practically no
electrochemical corrosion in seawater.

Thanks to che high corrosion resistancs of ship propellers made of fiber glass
plastic, their use in lieu or carbon steel propellars on ships of the hi; fleetr

s

increases the servics life of propellers by a factor of
penditures due to additional docking of the ships and 1
for the purpose of replacing damaged propellers.

The speed of ships with carbon steel propellers is reducad by the roug
of the propeller surfacs, causad by corrosion. Tfere;ore, the use of bar glass
(bv an average

plastic propellers makes it possible to increase the ship's speed (bv
of 0.5 knot) and corh,svcnqug-/ increase the fish catch per 1 The total
savings realized dy rzplacing a carbon stzel propeller by a fiber glass plastic
propeller ranges from 10 co 35,000 rubles per year per ship.
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Chapter 7. QUALITY CCONTROL OF
A
Tl

The technology of manufacture of epoxy-zglass plascic products
machine building consists of several operations: preparation of binder
fechanized impregnation of glass fabric, molding and assembly. Careful
step control and control of the initial materials are required to obrain
products. The necessity of strict scep-by-step control is also due to
that there are as ret no sufficiently reliable metheds for detecting de
finished fiber glass plastic products.

25. Quality Control of Initial Componants

Qualitv control of epoxv resin. The main character:
epoxy group content and gelation period.

tics of resin are the

The epoxy gr up content (epoxy number) determines the curing agent quality
required for complete curing. The method of determination of the epoxy aumber
(:QST 10387-72) is based on the reaction of epoxy zroups th hydrochloric acid
fsrming the corresponding chlorohydrin.

Usually, resins with a gelation period of 1.0-2.5 h are used for not-prassed
epoxy-glass plastics. The dependence of physicomechanical properties of epo:
nolic fiber glass plastics cn the reactivity of epoxy resia is shown in Table 65.

Table 0%
Physicomechanical properties of epoxyphenolic fiber glass plastics vs reactivity
of epoxy resin

| i Gelation period of epoxy resin, h

| i I=255 f 4-3 { 8-10

| | i i i

{ Strength, kgf/mm | ' [

| tensile | 64.0 i 55.0 { 49.5

| compressive ! 43.2 35:.8 I 29.0

{ interlaminar shear | 6.9 i 6.5 { 5.6

| Water absorptiom, 7: ;

{ after 220 days in water i 0.30 " 0.65 i Lo

after 1 h of boiling { 0.33 0.31 0.46

| g8 L& 9 | o} 3

Bending strength afcer 220 days in i :;63 | i 28.3 {
i 7 50

| water : :

| Remarks. 1. Bakelite lacquer with a polymerization rate of 85 sec was

| used in the preparation of the binder. -

{ 2. Numarater indicaces absolute values of strength in kgf/mm<, and de-

| nominator indicatzs percentages of initial values.




Quality comntrol curing agents. Triethanclamine titanate and reso
phenol-rformaldenyde a (bakelite lacquer) are the curing agents most
used for het-curing fiber glass plastics.

Triethanolanmine titanate is a thick transparent liquid with a brown to zray-
ish brown color. The main controliable indices are the tiranium content (in terms
of titanium dioxide) and relative viscosity. The citanium dioxide concent is
deternined by oxidizing a weighed amount of triethanolamine titanace with nitric
acid, then calcining in a muffle furnace for 2 h at $00-700°C until the organic
matter 1s completely driven off. After calcinacion, the residue consists of
titanium dioxice. The amount of titanium dioxide shculd range from 20 to 22%.

The relacive viscosity is determined with a standard falling-sphere viscomater.
The relative viscosity used is the time required by a sceel sphere 7.88-7.97 om
in diameter and a mass of 2.046-2.054 g to travel a disctance of 100 mm between
£wo marks on a glass cylinder 18-19 cm long and 21-22 mm in diameter, filled with
triethanolamine titanate. The test is carried out at 50°C. The relative viscosity
2ust not exceed 60 sec.

Tre main verifiable indices of bakelite lacquer ara the pelymerizacion rate
and dry residue.

The polymerization rats is determined on a rolymerization plate heated tc
155 = 5°C (GOST 901-71). The polymerization rate used is the time elapsad from
the instant when the resin was applied on the plate until the formation of braak-
ing threads. The use of bakelita lacquer with a pol-rerization rate of 80-115 sec
is recommended Zor tae preparaticn of epoxyphenolic Ziher glass plastics. A re-
duction of the polymerization rate to 50-60 sec {ndicates partial polycondensaticn
of the rescl resin, due o a decrease of its reacciv ritv. The use of bakeli:te
lacquer of reduced resactivity leads o incomplete curing and a decline in the
pnvsicomechanical preperties of the fiber glass plastic (Table 67).

Table 47
Physicomechanical propertiss of epoxyphenolic fiber giass plastics vs reactivicy
cf bakelite lacquer

Polymerization rate of |

\ Property ] bakelita lacguer, sec
I {  30-100 I 50-60
| - ‘ &
! Streng2h, kgf/am™: I |
! tensile | 64.0 i 52.4
compressive | 69.0 575
bending ‘ 43.2 | 30.2 {
Water absorption after 220 days in water, % ; 0.30 | 0.88
ok " | 883 | B <
f ending strength after 220 days in water ! 5 % 58

Remarks. 1. Epoxy resin with a gelation period of 2 h was used in the
preparation of the binder. N
| 2. Numerator indicates absolute values of strength in kgf/mm<; denominator!
indicates percentages of initial values.
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The dry residue or lacquer concentration is obtained iryd
amount of lacquer to constant mass in a thermoscat at 100 = 5°C. The -'*;ugr
concentracicn increases in prcloanged storage because of volatilizaticnm of the
alcohol solvent, and tharefore, if this characteristic is noct controlled, the
proportions of the compeonencs are upseat.

ass fabrics. Glass

Quality control 1 fab a
trengch, moisture centent, and

af
the indices of breaking

ecked by means of
3 agent content.

The braaking strenzth of a fabric is determined by testing specimens measur-
ing 100 x 25 mm on a tensile tester. Fabrics of reduced strength are not accept-
able for the fabrication of products used in ship machine building.

The moisture centent of a

s fabric is cdetermined frcm the mass loss of
I

as
the specimen after the latter is dried tc comstant mass in a thermostat at
110°C. Prior to impregnaticn, a fabric with a high moisture content must be
dried.
The moiscure content of a glass fabric may also be determined by meaas of /160

a special instrument, the IVS-4 fiber glass plastic moisture meter designed by
L. L. Novitskiy.*® This instrument operates cn the principle of coulomometric
determination of the moisture cocatent of a pradried gas wnich is passed througzh
a chamber containing the glass Zabric specimen to be checked, where the latter
is moistened.

The sizing =g

of the glass fadbric is determined by calcining a
weighed amount in nace

at 400-600°C.
26. Quality Control of Impregnating Lacquer and Impregnated Glass Fabric
In the preparation of impregrating lacquer, the concentration, polymeriza-

)
tion rate and density are controlled, whereas in the preparation of epoxyphenolic
lacquer, the ratic of the main components {epoxy and phenclic rasins) is controlled.

The lacquer concentration determines the deposition of resin on the fabric
during impregnation, and hence, the resin concent of che article. The density of
2poxy lacauers is obrained by means of 2 type IIIa glass densimeter (GOST 1300-

Sk

The proportion of bhe components is checked by means of the number of epoxyv
groups in the epoxyphenolic lacquer (epoxy resin content) b5 trating a weighed
amount of lacquer (0.7-0.8 2) with a solution of drochloric acid in acetone.

A 70 = 3% epoxy rasin content of the lacquer is allowed.

The polymerization rate of impregnating lacquer is determined by means of
the procedure dascribed above for bakelite lacquer. Usually, the ﬂol;ﬁeri ation
rate for epoxyrhenolic lacquer is 100-150 sec. This index permits a correc
determination of the molding conditions of the articles.

The principal indices of impregnating lacquers providing for the required
quality of impregnated glags Zabrics are given in Table 63.

The quality of the izpregnated glass fa
chemical composit and strength of specime
capasition i the content of volat
(Table 69).




The resin content Cres is determined by igniting a weighed sample of molding

material to constant mass in a amuffle furnace. The caliculation is made by means
of the formula

-100—-C, —C,, (40)
where CV is the content cf wvolatiles, %;
Cs is the content of sizing agent, %;
a, b is the mass of the sample before and after igaition, g.
Table 68
Properties of impregnating lacquers /161
| I Curing Agent f
| |
! T i
f } [Phenol-
i Property ! Triethanolamine Titanata 'iarmaldehﬁas
! ; | | resin I
| i 7 ] ;
! | ED-13 | ETsD-12 | UP-63 | ED-13 i
! | | {
; . gt | i i 5
: Content of dry residue, 7 | 52 = 2 RS2 8082 foS2i=i2 [ 5022 |
Polymerization rate of [ X2=13 | 8-9 | 5-6 {L.7=2.5 {
E lacquer at 160 =z 2°C, min i ! i
. Viscosity of lacquer accord-| 12-14 12-14 I 12-14 12-14% i
1
|
|

ing to VZ-4 viscometer at 20°C, |
sec

|
| |

Density according to _ i 0.94-0.98! 0.95-0.98 | 0.95-0.98 !0.94-0.3%6
| densimeter at 20°C, g/em’ ! [ | i
i Color and appearance Transparent sclution, yellow to light |

!brown, containing no foreign inclusions or

} .
i jundissolved resin particles

Table 69
Properties of impregnated glass fabrics
1 ; | Curing Agent :
| Property { iphenol-
| {  Triethanolamine Titanate | formalden
[ | | hyde |
| | !resin |
i i | i
| |ED-13 {ETsD=13 | UP-63 | EKhD |
T
Biander content, 7% 130i= 3 130 2 38 1300 = 3 [S0r 2 3 130 &3
Content of volatiles, 7 [0.420.2 10.420.2 |0.4%0.2 0.420.2 (1.220.2
Content of soluble part of 90 i 30 ec 0 37
bindet, %, not less than |
141




when the impragnation conditions or storage conditions of the impregnated
macerial are disrupted, a partial curing of the resin takes place. This process o
is checked by determining the amount of resin capable of dissolving (soludl2 part
of the resin). The spacimen of impregnated glass fabric (100 x 100 mm) is placed
for 15 amin in acetore. The soluble part of the resin is

a—3
a6 (41)
60
where Csol is the content of soluble part of the resin, Z%; /162

a, b is the mass of the weighad sample before and aiter dissolution, 3.

Molding material with a 100% content of the soluble part eansures the flow-
bility necessary for obtaining qualicy ar"c'es of intricate shape. For articles
f simple shape, material of somewhat reduced flowability with an 30-90% content

the soluble part may be employed.

I‘J

(<]

o

Completeness of removal of the solvent from impregnated glass fabric is
checked by means of che content of volatiles, which are determinad by drying a
weighed sample of the material in a thermostat at 105 =5°C for 39 min. Kcess

solvent (above 1-I%) causes an 1ncrease in the porosity of the fiber glass plascic
and hence, a dacline in the quality of the articles

Tre principal controllable characteristics of the mechanical prcperties of
specizens molded {rom impregnated glass fabric are the teasile, compressive,
bending and intarlaminar shear sc'enths. Their determination is mude acccrd-
ing to suitable standards on specimens cut out of molded plates.

27. Quality Control of Fider Glass Plastic Articles

@
1
(I\

Fiber glass plastic articles may contain isolated defects due to the e
ing level of manufacturing technology of the materials and their processi
into articles. The 105. common defects in hot-molded fiber glass plastic ar
and their causes are listed in Table 70.

The principal methods of quality control of fiber glass plastic articles are:

visual control;

control of incernal structure;

control of streangth by random destructive testing of-one or more articles in
a baech. >’

Visual control is the simplest and permits a preliminary rejecticn of articles.
This method is based on the fact that the appearance of the article indirectly re-
flects its quality. For example, the presence of different shades on the surface
of the articles may serve as an indication of raduced strength owing to the fact
that no uniform temperatura field has been provided for. The presence of creases,
resinous ara2as, or local bleached areas indicates an inappropriate choice of
pressura and departure from cutting patterns.

It should be ncted, however, that the relationship betwesn the state of the

8 -

surface of an arcticle and its quality is not clear-cut, since
ie may be affected by many secondary f£actors such as the




and resina, the quality of the lubricant, etc. Another disadvantage of the visual
is ¢

dethod is its subjective nature, aand it herefore used only as an additional
method in conjunction with others.

Table 70
Defects in fiber glass plastic articles

Defect [ Possible Causes

| '

Pics, cracks and delamina~ | Improper charge; falling
ide

s 1
tions iaside the article material during molding o

! <
i i
| | if
i Blisters on the surface i High content of volatiles, disruption of
| | cechnological molding conditions i
i
|
I

article without ccoling) !
! Formation of creases on the Inaccurate cuttin
£ icle ! blanks, displacement of blanks duri
{ of prass molds; local deficiency o
! molding macerial

g of molding mat
=

"o

! Iacemplete molding of edges | Iraccurate cutting of molding material !
! { blanks |
! |
! Local or overall whitening | Molding pressure above permissible rangz |
¢t of surface i
|
| Visible disrupticns in !
sbric texture |

| Change in color of article ’ Disruption of temperature conditions of
as compared to standard imolding
! specimen |

O0f the second group of methods for checking
ccamon is ultrasonic flaw detection. It esse

o)

iz
tiall
during their passage through a body, ultrasonic waves t
and direction of propagaticn when traversing the inter:
ent densily and elasticity, and to be differently abso
densitv. Ultrasound can be used to datarmine the densicy o
inclusions, delamirations, cavities, etec.

On the basis of the physical primciples underlying the comntrol metheds and
equipment, ona can distinguish the pulse-echo, shadow, impedance, pulse and other

methods. *’

The pulse-acho zathod is bhased on by means
sonic pulses reflacted from the defect fulse=-echo
detector is best suil to the control zlass plas

4
o
(&




;mcn: 15 designed for the concrol of {iber zlass pl
letects flaws with an area of 20 mm*<
ion of the depth of oczurrence is 3-3
is the fac: that it can only be used to approxi

he instrument is simple and convenienc to operate.

The shadow method is based on the detection of the shadow effect due to
a flaw. There are several versions of this method, involving differences in the
electronic part or in the design of the scanning part. The shadow method i
ia the DUK-17 ultrasonic flaw detector, desizned for semiautomatic control c?
plastic propellers and other articles made of fiber glass plastics. Shadow flaw
detectors do noct permit the determinaticn of the depth of the £law; chis is
disadvantage, and therefore when this depth is to be measured, it is also
necessary to use the DUK-12 pulse-echo flaw detector. A drawback of cthe
ingtrument Is its cumberscmeness. An advantage is its simplicity and convenience
of electronic adjustment, presen:e of automatic features, and the ability to ob-~
tain a very clear flaw detection diagram that Is an objective documen: o
trol.

The izpecance acoustic method is the basis of the IAD-2 and DIX
tectors. Particularly effective is the method used for checking bonded and
lapinar structures with a maximum thickness of 5-8 mm for detecting delaminacions.
In plascic shi lding, they are successfully used far the control of molding and
thin-walled st ures. Advantagss of the me.hod are the simplici y of the equip-
zent, its po:: i:y, and the absence of an immersion medium. Equipment based
cn the imped thod complements the pulse~echo methed, in which therz is 2
"dead" zone -3 mm; this zone is checked with izmpedance instruments.

Pa

The frse asc
on the study ol the

5

illation methed (UIXP-2 and DVS-1 flaw detectors) i
! f free oscillaticns of the structural porci

spectrum O

checked. Each structural ment has its characteristic portion of the s
Having selected a porticn the spectrum on a quality portion of the mat
one can easily detect

gauzes 4are mounted on
zents should be used £
fiaish not below 74,

elem
£ ot
2 marked change in awplitude on the indicator when
¢ portion of material with delaminations. The in
< hecking articles from 2 to 15 mm thick with a s

All the above-dascribed methods of nondestructive coantrol make £t possible to
nd certain flaws of an article, but do noc give any idea of its strength.
r this rcascn, the industry also uses the pulse method
chanical properties of the material of an article (zhe b\s-l U
and UZIS-7 instruments). The method consists in measuring the time v
ultrasonic pulse to <over a known distance (base) in the materisl and the pulse
attenuaticn time, and calculating the pulse propagation velocity. The elastic and
strengeh characteristics and the porosity of the material of the article are calcu-
lated Zrom the propagation velccicy and actenuation race.

u1

£1
o
e

H

The UXS~l instrument i{s transistorized, and the UXB3-lm and DUX-20 jnstruments
nave electron tubes; the ianstruments make it possible to perforn measure ts of
ultrascund velccity over a wide frequency range, from 5 to 300 kHz, with base di-
mensions Zrom 0 to 300 mm. A common disadvantage of these instruments is the

lack of gauges for exciting transverse waves in the material.
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he UZIS-7 instrument is characterized by the fact that it is designed for
lzboratory measurements of longitudinal and transverse ultrasound velocities
ar frequencies of 1.67-5 MHz on small specimens measuring 5-50 mm. The pre-
cision of this instrument is higher than that of UKS-1l, UK2-lm and DUK-20 in-
struments.

To determine the porosity and mechanical properties of the material of the
articles, in additicn to the propagation velocities of ultrasonic waves in Ziber
glass plastic, it is necessary to know the binder content of the article. This
parameter may be determined with the aid of the IXS instrument.

Control of blade qualitv'?

visual inspeccion;

determination cf nass;

detaction of delaminations and air inclusions;

determinacion of elascic and strength characteristics and demsity of the
blade material;

detarmination of binder content;

calculacion of the porosity of the material;

tascs for strength to fracture.

includes:

External inspection of blades involves checking for the presence of visible
Sa

1
crease delects, swellings and local squeezing out of binder, incomplere molding,
and "biting" of the edging.

The mass of each blacde is checked, after ramoving the seam, by weighing on a
technical balance with a maximum error of 0.5%.

Delaminations and air inclusicns ars detected with a DUK-17 ultrasconic Ilaw
detector.

In determining the elastic and strength characteristics and density of a
matarial by the ultrascnic method, the propagation velocity of longitudinal waves
is measured from the divsction of the driving surface of the blade in three direc-
tions alongz the warp, weft and at a 45° angle in the plane of the fabric sheet.
Piezoelectric transducers with a frequency of 80 kHz are used for the measurement.

Fracture tests of blades aimed at determining their load-carrying capacity
are perforued by bending through an angle; this method most closely approximatsas
the service conditicns and corresponds to the ccmmonly enployed Taylor calculati
scheme. During the tests, the time of the start of blade fracture (indicated by
the first audible crack), the time of blade fracture (indicatad by the maximum
reading of the dynamometer of the tester) and the deflection at the end of the
bSlade (from zero load to complete fracture of the blade) are recorded.

on

The test results ar2 used to calculatz the stresses and plot graphs of
stresses and deflection at the end of the blade as functions of the load, and
the reserve factor is calculatead.
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Chapt=r 8. THERMOPLASTS USED IN SHIP MACHINE BUILDING

Polvamides are high-molecular linear compcunds whose macromolacules coasist /loe

of flexible methylene chains and polar amide groups -C-AH- regularly arranged
0
along the chains. The presence of amide groups capable of forming hydrogen bonds
between neizhboring macromolecules determines the pn_s::omecqan:cal propertizs
common to zll polyamides.’®
the amide g-oups, polyanlj;s exhibit different

CEy i degree of crystallinity increases, so do the
strengch, stance of the articlas, and their deformability
decreases. With znc.easing number of amide groups in the macromolecule, the
meltinz point rises and the hardaess and of the polymer increase

In external appearance, these are solid products :anging from wni to light
vellow in color. They exnibit appreciabla m nical ngtl 1
the oriented state, high wear resistance pr i
a higa damping capacity, resistance to impa

The starting material for polyamides are amino
amines and dicarboxylic acids.

Depending on the raw material employed, ;olwaﬂ;aee ara divided into phat
nd aromatic ones. Thus far, aliphatic pelyamides have been used most extensive-

; in induscry. In the 1960's, in order to increase the heat resistance, aromatic /167

i a
o ides were synthesized. Among aliphatic p0¢vaniies, those of brands 6, 66,
8 and 12 are being produced in the USSR on an industrial scale.

A number system is widely used for designating the chemical composition of
polvamides. & polyanide obtained from an amino acid is dencted by a single number
corresponding co the number of carbon atcms 11 the initial amino acid (for example,
polvamide 11 is a polymer of aminoundecanoic acid).

A combination of two numbexs indicates that

the polvamide was obtained from
a diamine and a dicarboxylic acid. Separate numbers indicate the content of ca
a:*ms in the chains of the diamine and dicarboxylic acid (for example, polyamide
66 is a 1olv:e' based on hexamethylenediamine NH‘(CH~)6§H5 and adipic acid

EOOC (¢ f CJC.

?olyamide 6 is produced in the largest volume in the USSR

is =-caprolactam. In practice, hydrolytic and anionic polyme
ctan is employed. Ia the first case, the catalyst is c-ami
formed by the hvdrolysis of a lactam, or AG salt - t“e rea
of equimolar amounts of adipic acid and hexamechylenediamin
is called capron and is processed by pressure caak;ng or ex

izacion inveolves the use
salt and cocatalysts
anionic polymeri i




polvmer is obtained directly
The polvmer obtained by anionic polymeri

Polyamides 65 and 53 are obtained

synthesis rakes place
(a) preparation

amide 66) and SG salts
(b) polycondensat

Polyamide 12 was synthesized by hvdrolytic polymerizaticn
Two brands of polyamide

extrusion brand 12E.
polyamide 11 (rilsan)
moisture resistanca.

in
of

two steps:
AG salts

ion of

and diff

in the

from
fronm 1#11me'ﬁvxe1ed1
the salts obta

12 are produced in
In its properties, polyamide
ers favorably frc

lds and

doe
zation 1

from

hexam

the Sovist Union:
35

is analogous
m other polyamides

The principal physicomechanical and dielectric properties of polvanides of
the eaumerated brands are given in Table 71. As is evident from the table, all
the polyamides have similar mechanical propercies in the initial state. The
nizhest impact streagth and elongation are exhibited 6ie A;L poly-
amides are characterized by so-called cold flow or identical test-
ing conditioms, polyamide 6 has the greatest creep.

Table 71
Physiccmechanical prope es of polyamides
% Polyamide
Property % T
{ (SO I 1 |66 | 12 68
i
T
| Density, g/cm3 i 1.14 1.04 R U 7 B N o AR s B o B
; Strength, kgf/mm i i i |
! tensile 7.0 . 7.0 310041700 1 - 550
t comprassive = | - (10,0 6.5 | 12,0
i bending g 1 9.0 | 10.0 {11.0 {6.0 | 9.0
! Modulus of elasticity, 10< | =2 | 2 R R o
| kgf/mm? ! i | !
| Impact strength, kgf alen” | i - IESS Tae 1P,
| Elongation, % i 350 1 300 {100 1250 | 100
i Brinell hardness, kgf/mm? | 8 * 5 oran =35
i Heat resistance, °C: | |
! Martens [ is5 55 | 65 45 50
5 Wick | 2600 | 160 | 230 |40 | 195
; Brictle temperature, °C I =25 =55 L =25 | - [ =
i Equilibrium water absorptiom, 7 ' 8-12 0.5-1.5 || 78 1.7 ; 3.2
t Thermal conductivity coefficient, 0.25 | - 1 0.25!0.25 -
f 'ﬂ'/(’.l K) |
f Specific heat capacity, P 2k 3 | 2.0 (2.5 : -
| &J/(kg K) i { i |
! Volume resistivity, Oha cam i ror% | ol 104 3 10°
Dielectric constant at 10° Hz | 4.2 37 1 4.0 4.0
Dielectric loss tangent at | 0.03 0.03 | 02.0.02 0.025
108 az
3reakdown voltage, kV/cm 16 25 23 300 23




Experimental data show that the greatest increase in deformation takes place
in the first few tens of hours of testing, the subsequent increase in deformacicn
being slight. At stresses close to the proportionality limit, 100-hr deformations
increase considerably, but do not reach the limiting value. At lcw stresses, the
100-hr deformations are close to limiting ones. TFor example, for polyamide 6 at
stresses up to 90 kgf/mm<~, deformations aftar 110 h amount to 99.9% of limiting
ones.

At stresses greater than the proportionality limic, there is cbserved a
qualitative jump in the behavior of the material, leading to a prcncunced flew of
the material followed by fracture.

In the design of articles made of polyamides, creep being taken into considera-
tion, the allowed stresses must not exceed 0.1 of the tenmsile strength at normal
temperature. The yield poinc of polyamides depends substantially on the wor
temperature. For example, the yield point of polyamide 68 in the temperature
range from 20 to 110°C drops from 4.00 to 1.50 kgZ/mm2,

The long-time and fatigue strengths of polyamides are det
able extent by the loading conditioms, this being related to ¢
self-heating, wnich are characteristic primarily of alternat
tions in the course of fatigue testing substantially
of the specimens and sharply increase their fatigue

increase makes it possible to conclude that during the i
licy of the material to resist loads is partially recovere
recovered completely, and in some cases even in e: o

"
e}
1
n
W

A valuable quality of polyamides is their exceptionally
which considerably surpasses that of steel and even rubter.
damping decrement for U8 steel is 0.22, for vacuum rubber 0.ld
0.38. Particularly advantagecus in the use of polyamides as
ings is the fact that in th2 temperature range from 50 to 80°
reaches a maximum (0.56). Barium sulfate, molybdenum disulfi
used as antifriction additives to polyamides. The highest
characterizes specimens with a 20-25% addition of barium
of graphite. Polyamide compositions with meolvbdenum disu
possess rapid breaking-in characteristics.

,
e and graphi
wear resistance
t % addition

The presence in the structure oi polyamides of polar amid
hvdrogen bonds with water molecules accounts for their high hy
rate of diffusion of moisture and degree of water absorption dep
of polar anmide groups and on the structure of the polymwer. h
tion of amide groups, the lower the water absorption.

In the series of alipnatic polvamides described, the greates:t water absorp-
tion i{s exhibited by polyamide 6 (8-12%), and the greatest water resistance, >y
polyamide 12 (1l.77). Moisture has a plasticizing effect on polyamides, increases
elasticity, and simulctaneously reduces mechanical strength, modulus of elasticity
and hardness. During the storage of polyamides in air at 20°C and 65% relative
numidity, the moisture content becomes completely stabilized. Under these ccndi-

3

tions, the water absorption of polyamide is 2-37.
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ind Ceccme mors

ud'er, but alsc
desizning
‘cns of the par
yamides shoulc

Completely dehydratad polvamides lose their 5 ¢
brittle not only because of removal of the plasticize
baecause of partial washing-out of the low-molecular
articles, it is necessary tec consider the change in
as the water absorption process taxes place. Parts
contain a constant amount of moisture at different
medium in crder to achieve constant dimensions of ¢

From the standpoint cof stability
mechanical properties at high humidity
strength after maximum saturation decreasas by 1
medium of 65% relative humidity, by 8-9%. r
in strength of peclyamide 68 is 40 and
57%, respectively.

The dimensional stabilicy and mechanical properties
s

also cetermined by the operating camperature. With risi
bacome more elastic and their strength and céL’u: of el
ing long-term service, even at small loads, ope

ture no higher than 100°C. Thus,

13C°C, chey lose 86% of their s:ren&-n. A: iloads on the
the operating temperature aust not exceed 30°C. The lowe
of polyamide 6.

When exposed to high temperatures Zfor long
brittle and wear out rapidly.

The deterioration of cperating conditions of pelyamide parts at elevated
temperatures is also increased by their low thermal ccenductivicy. The :hetﬂ
conductivity coefficient of polyamides is 0.2-0.3 W/(m X). The removal of

11

heat produced by friction during the operation of the parts is pcor, 2
in the risk of local overheating. The thermal conductivi is improved by intro-

ducing antifrfction additives.

Polyamides are characterized by a high coefficient of linear expansion: it
is ten times greater than that of steel.

The lower limit of working temperatures is determined by the brittle cempera-
ture; it is -60°C for polyamide 12. As they are cooled below 0°C, polvamide par:
partially lose their elasticity. Under load, such parts can operate at -1G°C.

Polyamides are made into articles bv di
or centrifugal casting. 3Because of the abse
and low viscosity of the melt, polyamides are

£ nt zmethods: die cas
n f the plastic de

fers
ce o
not worked by moldin

In die casting of polyamide parts, it is necessarv to consider the cha
istics of these materials: a narrow melting range, low viscosity of the me
hydrophilic nature, and appreciable influence of prscessing conditions on :
structure and strength. The casting temperature depends on the melting temper
of the material being processed, and should be 20°C higher than the zel tem
ature of the mat r-Al In =2ach specific case, the temperature is detarmined ¢
accurately by experimental means as a function of the siza and shape of the :a
article. Because of the ready oxidizability of polyarides in the molten state,

=
’'s
O




the cast
in the mol
the casti

a
walled ar
even without e
a casting machine zlosely

i essing o
| the zmass, formation of sur

‘ articles. Therefore, prior

| dried at 30 in a layer 3-4 cm thick im
| content of the mass is no higher than 0.1%.

The structure of polyamides in the
the processing conditions. Articles wit
5 the melt is injected into a mold neated
I 1
r St
£

the amorphous

tfowever, °

crystal
parts with a h
240-220°C is ra
ness of the ar
castor oil and
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The optimum amount of determined by the function of the material.
Accunulated experience has shown that polyamides with 5-10% filler provide for
raliable operaticn of such parts as bushings, liners, and bearings.

Fenilon. Among aromatic polyamides, the Soviet industry produces no-
9oli-m—ane"vl nisophthalanmide, h i{s the polycondensation product of an aromatic
diamine (m-phenylenediamine) and derivacives of aromatic dicarboxylic acids (iso-
phthalic acid).?™s» °<

Aromatic diamines of low reactivity do not react with dicarboxylic acids, and
therefore, instead of a dicarboxylic acid, use is made of its more reactive
derivatives, dichlorides, and the reaction is carried out at low temperatures in

solution or at the incerrace.

Like other aromatic polyamides, ¢
strength, excelleat antifriction proper

transition terperature (270°C) and melt:i
the articles at high temperatures. The m
pr
£

ocessing into articles is 20,0C00-70,0C0.
enilon are given below.

Densiicy sl Z/CIE  oeinivialelssinslae s oo G 4 1.38-1.56
Tensile strength, kgf/mm= ...... Greia it ¥ 12.0
Compressive strength, kgi(:mz e B e AT O 30.0
Impact strength, kgf m/cm® .....cviiieninionan, 2.0
Modulus of compression, sg:/ﬁm~ cemma e semme  Gul X 104
Brinell hardness, &"*/ﬂm“ Vel aiaterals 34
Wick temperature, °C...ciee.... B 25t 270
Frost resistance, °C .c.s-s.. oo gl . -70

Fenilon-base wmolding materials are used in ship machine building. They are
finely divided white and pink powders (bulk demsity, 0.12-0.35 g/cm”)

Parts made of fenilon are fabricated by hot molding at 320°C and a specific
pressure of 1000-15C0 &gz/cm*- holding cing under pressure is 5-15 min, and the
articles must be cooled under pressure to 230°C. The polymer in the press mold
is heated to the molding temperature without pressure.

vy

enilon  has strength characteristics similar to those of aliphatic poly-
amides. The elastic modulus of <fenilon is considerably higher than those of
aliphatic polyamides. The chieZ advantage of fenilon is the possibility of /1
using the articles over a wide ¢ erature range, from -50°C to +250°C. Fenilen

is also marked by high atmospheric resistance. It is similar in water resistance

to aliphatic polyamide 6. Tne maximum water absorption of fenilen is 9-10%.

It is a good dielectric whose properties undergo comparatively little change

after exposure to atmospheric conditions and practically no change in the tempera-

A

ture range from 20 to 220°C.

Fenilon has attractive antif table over a wide tempera-
ture range. Thanks to a high heat i :anqs higher friction loads
than aliphatic polvamides. Ia dry £ on coefficient
is 0.42. The wear resistance of 1/3 that of
polyamide 6. Filling of nilon with ide (up to

8.5%) substantially




Caprolon. In recent _vears, a widely applied method in the USSR and abroad
involves the preparaction of articles used in ship machine building from polvamides
by anionic (lew-cemperature, block) polymerization directly in the molds. Use of
this method makes it possible to process the polymer without resorting to expensive
casting machines and molds, and to obtain large-sized castings with minimum equip-
aent costs. The anionic polymerization method is particularly effective in the
production of shipbuilding arcticles frequently enccuntered in shipbuilding and
produced in small batches, such as stern bearings, r.dde* stock bearings on snips,
cutters and rescue boats, valve bonnets, filtering cartridges, and other parts. ¢,

At the present time, the starting material most commonly used in the produc-
tion of articles by this method is c-caprolactam, the material based thereon being
known as caprolon or caprolite. The polymerization of c-caprolactam is carried
out in the presence of alkali catalysts and activators (cocatalysts) in an inert
Sas atmeosphere at normal pressure dirsctly in the molds at 170-180°C.

In comparison with polyamide $ (capron), which is analogous in chemic
structure Sut is prepared by hydrolytic polymerizaticn, caprolom has bett
mechanical properties (Table 72).

The basic patterns of change in the mechanical prop
upon by water, atmospheric conditions and elevatzsd tempe
those described previcusly for polyamices.

The maximum water absorption of caprol
are required to achieve the maximum water
the wall thickness is 15-20 mm. The &
ously with water absorption. At
the arzicles obtained (disks, ring

C is 6-7%. iv
of bushing-type a
the articles increa si

orption, the diameter uf /174
increases ty an ave e

2

Table
Physicomechanical properties of capron and caprolen

Il
Property | Caprom | Caprolon
i 3 f | [
Density, g/ca . 1.14 1.16 {
Strength, kgi/mm<:
i ensile | =1 | 9=95 |
compressive { 8.5-10 { 12-12.5
bending 9-10 12-15
Modulus of tension, 102 kgf/mm? | 0.8-1 2.06-2.31
i Impact strength, kgf a/cm- 1.0-1.2 1.0-1.6
[ Tensile elongaticn, % | 100-350 120-130
| Brinell hardness, kgf/mm- | 8-12 20-25
Melting temperature, °C | 210-215 220
| Heat resistance, °C: ‘
, wick { 160 [ 220-230
Martens | 55 —
Thermal conductivit | «25 0.25

| W/ (m K) |

(]
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In its antifriction properties, caprolon has very high indices in a fric-
tion pair with mecals at sliding speeds from 3 to 5 m/sec and specific pressures
up to 25 kgf/cm.®? The wear resistance of caprolon under cerzain conditions
surpasses that of other materials (guaiac, textolite, rubber, wood laminate)
used in the manufacture of stern bearings. Thus, within the range of sliding
speeds of 0.5-10 m/sec and specific pressures up to 10 k3f/cm<“, the rate of wear
of caprolon does not exceed 0.1-0.l15 um/h, whereas it is 0.19 iuo/h for guaiac,
rubber and textolite, and 0.22 um/h for wood laminates.

T

The most important facter determining the properties of the pclymer obtained
is the choice of catalyst and cocatalyst (activator). The catalyst used is
metallic sodium, and the activators are mono-, bi- and trifunctional compounds,
for example acetylcaprolactam, N-N'-acetylbislaczaa, N-, N'-, N'-ctrimesinoyl-
tercaprolactam, toluylene diisocyanate, and hexamethylene diisocyanate.

The structure of the polymer and its properties vary according to the
functionality of the activator. Monofunctional activators provide for growth
of polymer chains in cnly one direction. To obtain a branched polymer of high
molecular mass, it is desirable to use bi- and trifunctional accivators, which
cause cthe caprolon molecule o grow in two and three directions.

It nas been found that polyamides obtained in the presence of mono-, bi~ /1
and trifunctional activators have a crystalline structure; the degree of crystal-
linity decrsases with increasing functionality of the activacor, leading in
particular to a decrease in the hardness of the polyamers.

The use of new polyfunctional activators cpens the possibilitv of varying
the properties of caprolon, thus extending the scope of its application.

To obtain a pelymer of maximum molecular mass, the catalyst, activator and
caprolactanm in the reaction system should be present in strictly equimolar amounts.

-

. 74, TFlow éiagram of assembly for block polymerization of caprolactam

5

Of major importance for carrying out the process of amionic polymerization

the adherence to the temperature conditions .(temperature of the mold, drving,
e

rization and cooling of the articles). Departure from the temperature

ions leads to either a decrease in polymerization rate and increased

£ low-molecular products at below-optimum temperature, or to an intensifi
the degradation process and fcrmation of defects (pores, cavities, et

ntent

[3e)
at
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A flow diagram of the apparatus for block polymerization of caprolac
shown ia Fiz. 74. The process takes.place as follows. Caprolactam i
into reactors 1 and 2, where it melts at 70-100°C, then the molten caprclaczam
is heated to 125:5°C in a stream of inert gas (nitrogen or argon) and is dried
for 1.5 h to a moisture content of 0.02%. An inert medium is a necessary re-
quirement for carrying out anionic polymerization, since the slightest amount of
oxygen (over 0.05%) promotes oxidation of caprolaccam.

In reactors 1 and 2 at 138-140°C in a stream of inert gas, caprolactam is
mixed with a catalyst (metallic scdium), and the reaction takes place vigorously
with the liberation of hydrogen:

)
CO (CH,)s NH ~Na--CO(CH.); NNa— —H, *.
An activator (toluylene diisocyanate) is charged into reactor 2:

2 (CH,)s CONH + OCN (CH,); NCO - CO(Cly)s NCONH (CHyjs —
— NHCO (CH,); NCO.

Then the zmelts from the two reactors are fed through mixer 3 down tube 4 into /176
mold 5 preheated to 170°C, where the polymerization takes place.

To obtain articles with a high dimensional accuracy and a guaranteed con-
stancy of physicomechanical properties, it is necessary to maintain a given mold
temperature to within =5°C. The cooling rate varies with the taickness of the
castings, and on average, the rate of decrease of the temperature of the article

should not axceed 6-10°C per hour (to reduce the internal stresses in the article).

In some cases, cracking and premature fracture of parts is observed in
caprolon <castings during their service and storage. These phenomena sre caused
by a nonuniform supermolecular structure of the pelymer, which accounts for the
inadequate stability of mechanical properties and considerable fluctuations of
shrinkage. The problem of directed control of the supermolecular structure orf
caprolon during its synthesis is one of high current interest.®’

There exist a number of methods permitting the control of polvmer structures
for the purpose of obtaining materials with optimum mechanical properties. The
most acceptable mechods of control of the supermolecular structure and properties
of caprolon are optimization of the temperature conditions of synthesis and intro-
duction of artificial cross-linking auclei (ACN).

The introducticn of ACN into polymers has been dealt with in many studies.
ACYN are usually intrecduced into the solution or melt of the final polymers
aad take part cnly in the crystallization of the product, without affecting the
polymerization process. In the case of anionic polyvmerization, ACN must be intro-
duced into the monomer melt simultaneously with the catalytic system, and the
entire process of polymerization followed by crystallization of the polymer should
be carried out in their presence. Therefore, ACN additions should be inert with
respect to the catalytic system. The cross-linking agents used mav be finely
divided solids - oxides of aluminum (A1203), lead (PbQ), titanium (Ti0,) as well

as carbon black and graphite. A disadvantage of such solid cross-linking agents
is the nonuniformity of their distribution over the entire mass of the substance
introduced.




Much more promising is the use of cross-linking agents soluble in che
caprolactam melt, such as the dyes caprosol red C and active phthalocyanine bHlue.
The introduction of dyes into the reaction mixture improves the mechanical proper-
ties of caprclon. 3

o

Studies of the supermolecular structure of caprolon modified with dyes have
shown that the homogeneity and size of the spherulites change with changing con-
centration of the dye introduced. Thus, the average diameter of spnerulites of
unmodified caprolon and caprolon obtained with 0.005% phthalocyanine blue is
30-35 um, the diameter of spherulites of caprolon obtained with 0.01% of the dye
is 20-25 um, and with 0.05%, about 15 um. Thus, as the concentration of phthalo- JE77
cyanine blue increases to 0.05%, the size of the spherulites decreases by a factor
of two, and the hcmogeneity of the macrostructure increases.®?

In addition, the introduction of dyes creates the conditions for a uniform
discribution of crystallization ceaters throughout the polymer, leading to a
simultaneous crystallization of the polymer formed in the entire volume of the
casting, a decrease in the volume of shrinkage cavities, more stable values of
shrinkage in height, and a more uniform discribution of density over the cross
section (Table 73).

Table 73
Density, g/cm®, of caprolon castings with a cross-linking agent

72

! Distance from center of | i o )
IR ] Caprolon + 0.01% of .
cylinditeal caatings Uamodified Caprolon 'captosol red C 1

| 70 mm in diameter and : i P : [ s !
120 == high | |

|
|
| 2 ‘ 1.145 ’ 1.154
;
|
i

1.157 ' 1.158

i

| 11 1.149 | 1.156 i
2 1.155 1 1.158 !

31 |

29. Polycarbonates

Polycarbenates are polycondeasation products of carbonic acid and polyatecmic
alcohois, which may be alipnatic and aromatic alcohols. Of greatest Industrial
importance at the present time is polycarbonats based on dipnheanvloclpropane.

In the USSR, polycarbcnate is prcduced under the name diflon. The indust
method of preparaticn of polycarbonate consists in the direct phosgenization o
dipnenylolpropane. Qualitv polycarbonate can be obtained only by using diphenylol-
propane of a high degree of purity that has been repeatedly recrvstallized. Of
rajor importance is the degree of washing of the polymer obtained to remove the
excess alkali and sodium bicarbcnate. Traces of alkali and salts in the polymer
snarply reduce its resistance to steam and boiling water.

rial

The physicomechanical properties of polycarbonate depend on the molecular mass
and polydispersitv of the product obtained. For articles used ia ship machine

=
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building and other scructural articles obtained by die casting, it is de
to use pplvcarbonate with an average molecular mass of 30,000-35,000. A
increase of the molecular mass of polycarbonate complicates the technolog;
processing because of increased viscosity of the melt.

Of no less importance than the average molecular mass is the pelydispersicty
of the product. The presence of low-molecular fractions in the polymer cecmposi-
tion increases its water resistance and streangth.

The polycarbonate structure contains an amorphous and a crystalline phase.
The volume fraction of tha crystalline phase in the articles can be as high as 40%.

The supermolecular structure of polycarbonate consists of regicns in cthe form
of fibrils and spherulites of radial, mixed and radial-annular type. The spherulites
are up to 8-10 um in size. The structure of polycarbonate determines its phvsico-

mechanical preperties. The highest strength characteristics are exhibited by
= : 2 B
polycarbonate with a homogenecus fine-spherulite structure.-«

Articles used in ship machine building are usually made from polycarbcnate bo¥
die casting on machines with screw conveyer plasticization. Because of the high
viscosity of the melt, the die casting of poiycarbonate is carried out at pressures
of 900-2000 kgf/cm= at 260-300°C. The diameter of the pouring channel should be
7o smaller than 1.2 mm.

The supermolecular structure and mechanical properties of polycarbonate are
determined by the specific pressure, casting temperature, shape and rate of ccol=-
ing of the articles and the mold (Tables 74-77).

Studies have shown®’ that the optinum casting temperature of polycarbeonate
is 300°C. The viscosity of polycarbonate melt at 300°C is 4006-6CCO P. The
optimum mold temperature during casting is 100°C. A fine homogeneous spherulitic
structure is obtained at this temperature.

Slow cooling creates the most favorable conditioas for an ordered structure.

Table 74
Effect of die-casting temperature on the mechanical properties of polycarbonate

f Strength, kgf/mm? g 1
Die-casting tempers Tensile eloagation,

!
V :

g 2 | ¥ =
t SEREE; FC | Tensile | Bending 4

| | |

I 260 | 6.53 10.14 : 43.6 ‘
; 230 | 6.58 | 10.17 i 37.6 4
i 300 | 6.75 { 10.17 l 28.0 !
, 320 | 6.3 | 9.96 | 250 '
I

The mechanical propertiss and supermolecular structure of polycarborate can
bpe improved by subsequent heat treatment and introduction of small amounts of
cross-linking agents into the polycarbonate composition. Heat treatment of th
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articles is carried out in silicone oil at 135°C for 80 min, followed by slow
ccoling in the mold at a rate of 16-25°C/h. The cross-linking agents used for
polycarbonate are finely divided high-melting oxides of metals, i. e., titanium,
germanium and zirconium. The incroduction of cross~linking agents, for example
titanium dJdioxide, in amounts up to 0.2% makes it possible to increase the
modulus of normal elasticity by 25-30%.

Table 75
o

Effect of mold temperature on the mecharical properzies of polycarbonate

T

Tensile elongation,

Strength, kgf/mm? f
| {

| Mold temperature, |
|

! *¢ Tensile | Bending »

? 40 I 6.43 I 5.96 | %6
! 60 ; 6.56 | 10.11 : 17.4
1 E | 6.63 ' 10.13 | 15.0
{ 100 | 6.75 10.17 | 14.0
| 120 | 6.88 10.20 ' 10.8
Table 76

Effect of specific casting pressure on the mechanical properties of polycarbonate

Specific pressure,
5

i " Strength, kgf/mm? |

i T |Tensile elongation,
1} 4

| !

| !

? kgf/cm< Tensile f 3ending b4
i

| 750 i 6.14 | 9.95 , 18.4
! 2830 6.36 ! 10.17 | 5.2
| 1070 | 6.41 l 10.27 ‘ 27.2
Table 7

Effect of holding time during cooling on the mechanical properties of polycarbonate

Strength, kgf/mm® |

. s nsile elongation
Holding time, min Tensil elong :
4

| Tensile i Bending

|

! 30 { 6.23 | 10.20 14.6
50 ? 6.37 | 10.20 ; 20.0

; 20 { 6.36 ; 10.20 | 25.2

f 12 | 6.40 y 10.36 1 27.0

The extensive and rapidly increasing use of polycarbonate is explained bv

ts excellent mechanical properties. In ship machine building, of particular

importance are such properties of polycarbonate as relatively high streagsh a

impact resistance (higher than in all thermoplasts), dimensional stability ove
a wide temperature range, low creep (for thermoplasts), water- and atmospheri

ne

" 0.

rasistance, attractive antifriction properties, and self-extinction (Table 78)
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Table 78
Physicomechanical properties of polycarbonates

; Characteristic | Makrolon | Leksan | Diflon
| Density, g/cm’ . 1.2 | = | 1.2 |
| Impact strength, kgf alcm? | - | - } 1220
! Strength, kgi/mm’: | | ,
| tensile 6.25-6.50 i 5.60-8.40 6.00-7.090 |
| compressive 8.40 ! 7.70 | 8.00-9.00 i
| bending 10.00 x S {10.80-10.50 |
i Elongation, 7 60-100 | - | 50-100
| Hardness, kgf/mm~ 12.8 | - { 15-16
f Elastic modulus, kgf/mm : ! | ¥
| tensile [(2.2-2.5)x102 | 2.2 x 102 |(2.2-2.4)x10%
| compressive 2.s i 1.68 [ - |
! Poisson's ratio - i - | 0.36
t Linear expansion coefficient, | 50 f - | 60 |
{ - H | i
{ 1ostecl ‘ i | |
% Water absorption after 24 h, ~ i - { 03 {
i Martens vield temperature, °C 135-137 i - 135-140 [
Glass transicion temperature, 14 ! 143 140 :
°C |
}

|
1
{ Degradation temperature, °C
I Melting range of crystalline
| phase, °C

Cold resistance, °C

=
(353 ?
w

&

o

|
|
!

- | 320-340
|
|

|Below -100°C

Under service loads and at high temperature, the creep of polycarbonate is
accompanied by a peculiar form of brittle fracture of polymers, i. e., the forma-
tion of "silver" cracks. Silver cracks constitute a ragion of the same material
but with a different refractive index. Thus, the creep of polycarbonate is
accompanied by partial separation of the material into layers.

The impact resistance of polycarbonate remains almest unchanged in the tenper-
ature range from -120 to 120°C.

During aging at cemperatures up to 70-80°C, the strength and elastic properties
of polycarbonate undergo practically no change, and only the elongation decreases.
At 90 and 120°C, the initial period of thermal agzing of polycarbonate is even /181
characterized by a strengthening and increase in rigidity, which are explained
by a general ordering of the structure under the influence of heat treatment with
stress ralaxation.

In the course of further aging, thermal degradation of polycarbonate begins,
and izs strength gradually decreases. Stabilization cof these competing processes
takes place comparatively rapidly, and practically no change in properties Is ob-
served even after 3000 h. The glass transition temoerature of polvcarbonate is
135-140°C. At these temperatures, the strength and elastic characteristics of the
material decline sharply.
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To increase the service life of polycarbonate articles and extend the service
temperacure range, the polymer is filled with finely chopped glass fiber.

High-molecular polycarbonate is a relatively water-resistant material ac room
temperature. At 20 and 50°C, equilibrium is established rapidly, and equilibrium
water apsorption does not exceed 0.2-0.3%. The mechanical properties of poly-
carbonate under brief loads remain almost unchanged after exposure to water. How=
ever, on specimens located in water at 20°C, after prolonged loading, "silver"
cracks are formed after only 300 h, analogous to the cracks due to thermal aging
for 50-100 h at 90°C. The formation of cracks causes a decrease in the durability
of articles operating under constant loads in water in comparison with articles
used in air. The adsorbed moisture can be removed by treating the specimens with
70% sulfuric acid, whereupon the defects disappear and the mechanical properties
are completely restored. Thus, at 20-50°C only a physical interaction o: water
with polycarbonate cakes place which reduces the durability of the articles, and
no hydrolysis occurs.

During exposure to water at 70-90°C, the aging mechanism of polycarbonate
changes. A chemical reaction of polycarbonate with water, i. e., hydrolysis of
the polymer, takes place. One can postulate that the water causes rupture of the
bonds at the carbonyl bridge with hydrolysis of the end groups. The hydrolysis
products are not washed cut of the polymer and occupy a greater volume than the
initial molecules. This gives rise to nonuniform internal stresses causing rusture
of the intermolecular bonds and forzation of cracks. The formation of cracks
always begins at a depth of 0.1-0.3 mm from the surface of the specimen, confirm-
ing the differance between the properties of the material of the outer and inner
layers. Such cracks do not disappear after treatment with 70% sulfuric acid, as
in the case of service in water at 20°C, and reduce the durability of the articles
ouch more substantially.

A distinctive characteristic of polycarbonate is the stability of its di-
electric properties over a wide range of frequencies and temperatures. For ex-
ample, the volume resistivity of polycarbonate at -30°C is 10‘’ Oham cm, at 100°C,

2.1 x 10'° Ohm em, and at 150°C, 2.5 x 10‘% Ohm cm. The dieiectric character- /
istics og polycarbonate remain unchanged in the range of curreant frequencies Irom
10 to 10° Ez.

m
t

o

Important advantages of polycarbonate are its attractive antifriction
properties (Table 79) and high wear resistance.

Table 79
Antifriction properties of polymers

Hardness, |

I Polymer !Density, 2/cal «gf/mm2 |
; Polvamide 6 ! % ’ 5-12 f 0.4
| Polycarbonace | 1.2 15-16 | o0.26
i Pelyformaldehyde i 1.4 | 20-25 | 0.2%
Fenilon i 1.42 [ 21=30 | 0.24
139
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30. Polyacetal Resins
In their molecular structure, polyacetals are simple polyethers of the |

general formula (CH,0) . Polyacetals obtained from formaldehyde include poly-
2

n
formaldenyde and its copolymers.

The excellent mechanical, dielectric and antifriction characteristics of
polyacetals combined with water resistance, dimensional stability and usability
over a wide temperature range make these materials very promising for ship machine
building. The volume of production of polyacetals is increasing rapidly. 1In
1960, 7,000 tons of acetal resins were produced throughout the world, and by
1970, the production was already 100,000 tons.

The industry produces polyformaldehyde - a homopolymer containing acetal
end groups and copolymers of trioxane and ethylene oxide, trioxane and dioxolane,
formaldehyde and dioxolame, etc. A typical represencative of the homopolymer is
Delrin, made by the Dupont Co., and a typical copolymer is Hostaform C, made by
Celanese Corp.(lSA) and Hoechst (FRG).Z2S

Copolymers based on SFD formaldehyde and STD trioxane are produced in the i
Soviet Union.

The homopolymer has a high degree of crystallinity, rigidicy and hardness.
Copolymers have a slightly lower crystallinity, rigidity and nardness, but have
the advantage of high thermal stability. The future belongs to copolymers,
since the low thermal s:abiliqg of polyformaldehyde considerably interferes with
its processing into articles. <

o
w
o

The raw material for the production of polyfcrmaldehvde and copolymers based /1
thereon {s high-puricy (99.9%) formaldehyde containing no more than 0.05%

moisture and up to 0.03% formic acid. Formaldehyde is chemically uastable, wnich
considerably complicates its production technology.

In addition to formaldenyde, Zrioxane is also used for preparing polyacetals.
Trioxane, a cyclic trimer of formaldehyde, is polymerized by a cationic mechanism
with opening of the ring. The polyvmer formed has the same chemical structure as
polyforzaldehyde. <

The introduction into the molecular chain of polyoxvmethylene (polvformaldehyde)
of units of a different structure which prevent chain depolymerization makes it
possible to incr2ase the thermal stability of polyformaldehvde coansiderably. The
complexity of the problem lies in the fact that the copolymers should contain the
ainioum possible amount of copolymer (less than 2-5 mole percent), uniformly dis=-
tributed over the molecular chain, and the end groups of the macromolecules must
include units of the copolymer.

With increasing copolymer fraction, the stabilizing effect increases, but at
the same time there is a decline in the most valuable properties of the polymer,
i. e., crystallinity, rigidity and hardness. Ethylene oxide and dioxXolane are
the copolymers most commonly emploved.




machines and a preplasticizer, equipped with exhaust ventilation. Processing with
such machines gives a homogeneous casting mass, and the material may be heated to
a lower temperature.

In processing polviormaldehyde, it i{s necessary to consider the low thermal
stability of the melt. The maxinum temperature of the zmelt nust not exceed 22G°C,
and the minimum, 190°C. With increasing casting temperature, polyformaldehyde de-
composes with the evolution of monomeric formaldehyde, causing further autocatalytic
decomposition of the polymer.

The optimum processing temperature in the 190-220°C range is selected empirically
for each type of machines. The material cylinder of the casting machine shculd be
equipped with heaters with close temperature control (=0.3°C). In addition to
selecting the acceptable casting temperature, in the case of processing of homo-
polymers, it is necessary to determine the residence time v of the polymer melt
in the cylinder of the casting machine and to make it comparable to the acceptable
stability time of the melt at the given temperature. This value is usually calculated
from the formula

=",
- : . - § : 2
wnere m is the volume of the material imn the cylinder, cm”; /1

2 is the volume of injected material, cm;

T is the duration of one casting cycle, nin.

To prevent the material from decomposing, it is necaessary to match the size of
the articles (volume of the injeccion) to the volume of the casting machine cylinder,
and the ratio g/m should be kept optimal (1:6 or 1:10). The limitations related
to the duration of heating cf the copolymers consist in the fact that at 200°C, che
polymer must not remain in the cylinder of the machine for more than 1 h, and at
220°C, more than 30 min.

Polyacetals as well as polyamides are characterized by low viscosity of the
zelt under the processing conditions. For this reason, various shutoff devices
preventing the melt from leaking out during the return of the plunger are used dur-
ing the casting of polvformaldehyde. The pressure during the casting is varied
from 500 to 1000 kgf/cmz and is selected more or less precisely depending on the
intricacy of the mold and wall thickness of the article.

The crystallization rate of polyacetals is very high, and crystallizacion
can take place when the mold is incompletely filled. Therefore, the casting is
done in molds heated to 70-140°C. 1In this case, a slower cooling rate
and hence, a more uniform polywer structure is osbtained.

The relatively high crystallinity of acetal resins causes an appreciable
shrinkage of the polymer (from 1.5 to 3.5%) during its hardening in the mold. If
the mold is neated above 85°C, an additional 0.2-0.3% shrinkage may take place

fter the casting is removed. To stabilize the dimensions of such articles and
obtain a more homogeneous microstructure, the articles are heat-treated in oil at
about 150°C.

Polyacetals are among the stirffast and strongest thermoplasts. Their strength
characteristics are at the level of the corresponding characteristics of poly-
aaides and polycarbonate. The normal elasticity modulus of polyacetals is higher
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cthan that of the
(specific impact
amides, but much
have the highest

remaining structural chermop{as:s. In resistance to impact loads
strength, 1.20-1.30 kgf m/cm<), polyacetals are similar to poly-

more brittle than polycarbonate. Among thermoplasts, polyacertals
fatigue strength values and considerably surpass polycarbonate in

cheir resistance to multiple impact loads.

Drawbacks of polyacetals include a sharp decrease in specific impact
strength during testing of specimens with an Izod notch. The impact s:trength of
notched specimens is 0.07-0.09 kgf m/cm <, and therefore, when constructing parts
exposed to impact loads, it is necessary to avoid stress concentration as much
as possible.
polyformaldehyde

are given below.

m

The physicomechanical properties

DensTey, R ICIIS oo ol sk steisin sin sl s b S e 5 o5 8ot e s T 1.4 /185
Strength, kgf/mm<:
ERRBLLE vevuves v smasncni s vannvg s e nvisepsnene vsgasns  Oud0=7,00
COMPNASGIVE o« covvvawoss vasvmuins o il o e sisess o s m e osces 13.00
bending ........ O I o O O O A TR e = 0 0} B )
Elastic modulus, 10 -
BONSLLR cionenennnaneosics s ssayrs v smmesse s se s s 4.2
bendifig «o.os e e e “suis St 3.5
Poisson's ratio ..... T T Y 0.35
Impact strength, KBE miCm ™ cscicucaviscansiamms sssnamys vonmes Led0=1:30
Brinell hardness, KEE/MO S ... connnsqcswnonsrus saneasn e aneises 20-25
Coerficient of friction ... S alar e 0435
Wick temperature, °C ...... T sTaie e 160-170
Dielectric loss tangent at RN e iR STl bi s oW IT #4' § x 107
Dielectric constant at 107 aeow I e 36 3
In wear resistance, polyacetals are infericr only to polyamides, surpassing
them in dimensional stability and moisture resistance. The mechanical properties
of the specimens decline only slightly after they are kept for 365 days in water

at room temperature. in water increases slightly
(by 8-10%) in comparison with that of specimens kept in air. During service in
boiling water, the strength of the specimens decreases sharply as a result of
irreversible breakdown, i. e., hydrolysis.

In dielectric properties, polyacetals are similar to polyamides.

The dielectric properties of polyformaldehyde remain practically uanchanged
from 10“ to 10° Hz, and declinme caly slightly during service at 100% relative
humidicy.

In contrast to polyanides, whose brittleness already manifests itself ac
temperatures below 0°C, articles made of polyacetals can be used at temperatures
dcwn to ~50°C (Table 30). The melting range of polyformaldehyde is 164-167°C, and

On heating

the deformation temperature (at a load of 18.5 kgf/cm*) is 110-130°C.




Table 30
Thermal properties of acetal resins

} Property | Homopelvmer | Copolymer

| (Delrin) ! (Hostaform C)

| Melting range of crystalline phase,C| 175-180 { 164-167 !
! Glass transition temperature, °C | -60 I -50 !
’ Wick temperature, °C | 167 154 |
| Thermal conductivicty coefficient at { Q.27 ‘ 0027 !
! 20°c, keal/(a b °C) 1 , ;
) Specific heat capacity at 20°C, { 0,35 i 0.35 |
| cal/s : o vl
! Linear expansion coafficient, °C~} | 45 a2 ' 1.3 x 205"

! Temperature of scart of thermal ! 150 l 145 f
| oxidative degradatiom, °C | ]

i Temperacture of start of thermal ’ 250 ] 270 |
: degradation, °C ’ i

! | !
to 100-120°C, polyacetal articles are still fairly rigid, but they /186

cannot withstand service under these conditions. The upper limit of working
temperatures for parts under load is 85°C. The higher heat resistance and

water resistance of polyformaldehyde are respensible for the fact that under

heavy duty conditions at high relative humidity, 60-80°C and appreciable loads,
polyformaldehyde articles perform less reliably than articles made of other thermo-
plasts.

A disadvantage of polyacetals is their low light resistance and their combusti-
bilicy. Ultraviolet light accelerates the reaction of oxidative degradation of
the polymer; the mechanical properties decline sharply, and the brittleness of the
polymer increases. The introduction of photostabilizers and inhibiters into poly-
acetals slows down aging to some extent.

Polyacetals are combustible, burn practically without a residue, and their
combustion rate is similar to that of polyethylene and polystyrene.

31. Polyimides

Polyimides are a new class of high-molecular-weight compounds. The Zirst
polymers with imide rings in the chain were obtained as long ago as the beginning
of the 20th century. However, only after the development of a two-step synthesis
by the Dupont Co. (USA) in the late 195C's did polyimides come to be widely studied
and applied. At the present time they ara being successfully adopted in the USSR,
Japan, England, FRG and other countries.®’, 32

Thanks to a valuable combination of excellent mechanical properties and
exceptional heat resistance and thermal stability, polyimides are very promising
materials. Ino chemical structure, they are hetercchain polvmers whose linear
chains consist of aromatic and imide rings.

The starting materials forthe synthesis of polyimides are derivatives of
aromatic tetracarboxylic acids, aromatic and aliphatic diamines, di- and tetra-
esters, diimides, acid chlcrides, and diisocyanates.

163




According to their method of preparation, polyimides may be dividad into two
major groups:

with aliphatic units in the main chain;

with aromatic units in the main chain.

matic polyimides with the
imides studied mav be divided into

Comparing the phy
chemical structure of
four major groups.
Polyimides of the first group contain only aromatic rings joined to each other
directly b imide rings. They are rigid nonsoftening pol'mers which at 20°C have
an elastic modulus of 103 &gf/mm and at 400°C, over 3 x 10° kgf/mm~, i. e., higher

than the wmajority of carbon chain polymers at 20°C. /187
Polyimides of the second grcup include pclymers with heteroatoms in the di-

anhydride component which join benzene rings, rigidly linked by imide rlrgs to the

aryl radical of the diamine compornent. Pclyimides of this group do not melt or

scften either, and their elasticity is low.

Polyimides of the third group contain heteroatoms only in the diamine component.
These polymers form rigid, strong and elastic films. Their elongation at rupture
is 40-30% even at -195°C. The elascic modulus increases with the length of exposure
to high temperature. Thus, on rapid heating to 400° C the elastic modulus durin
the first few seconds is on the order cf 1.0 kg:/wm then rapidly incraases to
100 kzf/mm=.

Polyimides of the fourth and last group have heteroatoms in both the dianhy-
dride and diamine componeant. These polymers are elastic and are marked by the
lowest density.

The production of articles from polyimides involves majer technological
difficulties. The lacter are primarily due to the necessity of removing large
amounts of solvent (solutions of polyamido acids contain no more than 20-307% of

ry substance) and water evolved during imidization.

As in the case of epoxy resins, direct conversion of concentraced sclution
of polyamido acid into a polvimide block has, for all practical purposes, not
been used to date. To obtain plastics from polyimides, the polyimido acid is
usually separated from the solution in the form of films, powders, or coatings on
a glass tape; partial or complete imidization by chemical or thermal means is
carried out, then the material is processed into articles nolding or sintering.

A whole series of polyimide-base bianders have been developed for fiser glass
plastics. Polyimide binders first provided for a stable structural strength of
fiber glass plastic at tewperatures above 300°C, whereas for a fiber glass plastic
based on the traditional phenolic binder, the service life even at 260°C is only
150 k. The physicomechanical properties of fiber glass plastics based on poly-
imide binders are listed in Table 31.

Interesting results have been obtained by using DFO polyimide as binder.5 -
DFO polyimide softens at 270°C and in the 300-400°C range is in the viscofluid
state, i. e., is a thermoplast. Molding material based on it is obtained by im-
pregnating under pressure a washed and calcined glass tape with a 1 solution of

polyaaido acid, then drying and heat-treating in a vacuum while gradually rai
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the temperature to 300°C. Compression molding is carried out at 370-390°C ac
pressures from 500 to 2000 kgf/cm< and is followed by cooling under pressure.

Table 81 /188
Physicomechanical properties of fiber zlass plastics based on polyimide binders
| iBinder‘ Bending strength, kgf/mm -
i Hr |corzent
| = |of fi-[In initial ! After cthermal aging at 300°C Mass
| 25 Iber state | | loss,
ipoly%mide 'glass | . %
L binder o acdcac 20°¢| ac | 100 & | 500 b |1000 5/1500 h 12000
i |z 300°c ! | f
> ==
| sTP-1 |25-30 |55-70 |28-33 | 32-35 [30-36 |26-30 | 15-23 |10-13 |0.73
l sTp-2 |25-30 b 22 @ | A | =Tt TG 1% 2.0
| Sep-3 [25-30 136-44 [23-25 | 23-27 {23-32 (28-29 | 12-19 | - 1.0
| stP-5 | 23=25 !65—67 130-36 32-46 {32-45 | = | 39=37 |30=-31 (0.5 '
| STP-6 35-40 £32-37 M= ? 3 § 29 i 26 = = =
3 | {

|

‘ ‘ 1 ‘ ! I
Note. The tests were performed on specimens measuring 55 % 6 x 4 mm.

The fiber glass plascic obtained tas the follewing physicomechanical properties
(at 407 glass fabric content):

Densitys Slea . iouuiumean s

Elastic modulus at 20°C, kgi/mm )
Bending strength at 20°C, kgf/mm?
Impact streagth, kgf m/ca® ........

~

Thanks to its comparatively low viscosity (abouc 10 P ac 380°C), DFO poly-
imide can be processed not only by molding but also die casting. Testinz of DFO
polyimide specimens have shown that this polvimide has a bettar combinatioa of
physicomechanical properties than all existing thermoplasts. Its wick tempera-
ture is 30°C higher than that of the most heac-resistant of modern thermoplaszs -
polyphenylene oxide. DFO polyimide retains high strength and rigidity at tempera-
tures above 200°C, where other thermoplasts cannot withstand minimum mechani-al
loads; it is extremely resistant to ulrraviolet radiation. On irradiscion with
a mercury lamp for 200 h, the properties of the DFD filam remainad unichanged, where-
as simultaneously tested films of polyethylene, lavsan and capron cracked and
completely lost their elasticity.

The Dupont Co.32 is producing ia experimental guantities the plastic Vespel,
nonfilled (SP-1) and filled with 15% graphite (SP-2) in the form of hblocks, from

wnich parts are made mechanically. The properties of S$P-1 plastic are listed 18sg
below.
IHEE EV RO LB, - o el s A e e e e e e s 1.42
Strength, kgf/mm’:
Censlla 8f 20°C ..vvv i vuiannens ey e e O 8.75
Eenmlle & I0°C ...y o v vaneamns I $ o NE e 5.00




Slastic modulus, 10~ kgf/am=:
7 S - S e e T e e ]
1

3
.34

AL 250°C iiiiiiiiiiiii e
Strength, kgf/mm=:
compressive at 20%C .....ccansasccescssasnssosssoses 15,50

SP plastics have low water absorption and acid resistance, are insoluble in
organic solvents, but are decomposed by strong alkalis and supernheated steam.

SP-2 plastic is used in the manufacture of fuel line parts, compressor piston
rings, etc. Tests of the parts have proven this material to be very promising.

Highly promising is the use of polyimides as solid antifriction materials
requiring no lubrication. The use of polyimides makes it possible to raise con-
siderably the upper limit of working temperatures and the permissible maxizum
loads and speeds. Because of their high wear resistance, low friction coefficient
(0.10-9.17 without a lubricant) and high mechanical strength, polyimides are used
for self-lubricating sliding bearings designed Zor long service at high tempera-
tures. In their wearing characteristics, polyimices considerably surpass teflon-
base materials. The best antifriction properties are exhibited by polyamide filled
with fibrous copper.

32. Thermoplasts Reinforced with Glass Fiber

In recent years, interest in reinforced thermoplasts has been steadily in-
creasing. The positive economic aspects of their die casting permit their
use for the fabrication of stronger parts. Industrial production of glass-
filled thermoplasts was first started in 1958; two brands of glass-filled paly-
amides were fabricated. In recent years, the assortment of filled thermoplasts
has expanded so much that over 1000 different brands are now in existence. At the
present time, almost all thermoplasts can be filled with glass fiber. 3y 1970,
the production of reinforced thermoplasts in the USA had increased sevenfold
over 1966.

The introduction of a glass fiber filler into thermoplasts has considerably
extended their scope of application. The presence of excellent physicomechanical
properties at normal as well as elevated and particularly subzero temperatures,
high dimensional stabilir., rigidity, low density and small shrinkage all per- /120
use of these materials in diverse areas of technology.’

-1

In reinforcing thermoplasts, it is necessary to consider all the factors affect-
ing the propertiss of the material, chemical nature of the polymer and filler.
phase stata of the polymer, adhesion of the polymer and filler, conditions of forma=-
tion of the filled polymer from solution or melt, nature of treatment of the
surface, nature of its discribution in the polymer mass, etc.

stability during service improves, shrinkage decreases, water
5-50%, and the coefficient of thermal expansion decreases by
monrainforced thermoplasts. The properties of glass-fiber-




reinforced thermoplasts depend to a considerable degree on the length of the
fiber and type of sizing agents employed. The strength of a material is 3rea
the longer the individual glas fiver threads. However, nomogeneous cast p
cannot be made when the zlass fibers are longz. In the last few years. a short
glass fiber 0.7 mm long has been proposed for inforcing thermoplasts. Materials
reinforced with this type cf fiber are more easily plasticized, so that lower
pressures and temperatures may be used in the manufacture of parts.

u

ool B
%

The optimum amount of glass
of this glass fiber content, a fa
place, and the capacity of the ma
Glass-filled polyamides of braads
produced by the Soviet industry.

iber in polyamides is 30-33%Z. In the presence
rly high strengthening of the material takes
erial to te processed by die casting is preserved.
68YS, 68VSM and KVS in the form of granules are

(!

"

At a comparatively low density (1.35 z/cm?), glass-filled polyamides dif
advantageously from unfilled ones in a wide operating temperature range: fr
-60 to 150-170°C under load and from -200 to 200°C without load. Glass-filled
polyamides are characterized by high strength properties and a low coefficient of
linear expansion (1.5-3.0) x 10‘5°C'1, so that they can be used for a comparative-
ly easy fabrication of parts with complex ferrous metal fittings.

o

The manufacture of semifinished products in the form of granules makes it easy
to process cthem by the usual methods: die casting and extrusion at 250-270°C and
a specific pressure of 1000-1400 kgf/cm2. Glass-filled polyamides may be success~
fully used for intricate-shaped parts instead of such widely used fiber glass
materials as AG-4V and 27-63V; at the same time, the labor intemsity of the fabrica-
ticn is reduced by a factor of 6-10.

Glass fiber 5 mm long is introduced into polycarbecmate in amouncs up to 30%.
This improves its mechanical properties, raises the upper limit of working tempera-
tures by 15-20°C, and lowers its sale price by 25% (Table 82). In the presence of /191
a higher glass fiber content, the rigidity and hardness of the polymer increase,
impact strength decreases, density increases substantially, and processing beccmes
more difficult. Glass-filled polycarbonate is processed by die casting.

Table 82
Physicomechanical properties of glass-filled polycarbonate

= :
|Unfilled poly- |Polycarbonate |
Property i carbonate - {containing 30%

{ !glass fiber ;

5 | ! '

| Strength, kgf/mm<: | i

| tensile | 6.5 { 9.0 ]

[ bending I 10.0 I 15 ‘

| Tensile elongation, 7 . { 80 | 3.0

| Modulus of tension, 102 kgf/mm? 250 | 5.5 ‘

‘ Impact strength, kgf m/cm- l X5 | 0.45

i Poisson's ratio . [ 0.36 | 0.27

| _Fatigue strength, kgf/mm- (based on i 2.0 255

| 107 cycles) ! & i ¢
Coefiicient of linear expansion, °C~% | 60 x 10=° i 27 x 107°




Table 83
Mechanical properties of glass-filled polyformaldehyde of brand Dyurakon GR-29

T

! Filled poly- Unfilled poly-

hEopesty formaldehyde | formaldenyde |
' {
I 1
Tensile scrength, kgf/mm?: |

ae 23°c 2l | 6.2 |
at 71°C 4.7 3.5 '
Bending strength, kzf/m? 11.0 | 9.0 l
Elongation at 23°C, % 2 60 i
Modulus of tension, 102 kgf/mm2: ' |
at 23°¢c 7 ! 2.88 ‘

1 at 71°C 4.99 ! 1.5
| ! H

The introduction of a glass filler into polvformladehvde permits a substantial
improvement of the strength indices, heat resistance, and particularly dimensional
stability of the parts. Usually, 20% of glass filler is introduced, this amount
of filler being sufficient to raise the maximum service temperature by 20-30%7 and
the modulus of bending by a factor of over 2 (Table 83).

kgf/cm?, °C

Table 84
Properties of glass-filled polypropylene
T
1 Content of glass filler, 2%
! Property -
| 20 l 40
T T
! Strength, kzf/mm?: < |
! tensile 4.9 | 6.3
l bending | 4.9 i Tt |
! compressive i 4.2 4.9
i Elongation, % ! 3 % 2
i Heat resistance at load of 18.5 l 140 i 150
| .
i . |

Glass fiber filler can be introduced into polypropvlene in amounts of 20-40%.
In comparison with other glass-filled thermoplasts, polypropylene has the advantage
that it can be used to make articles of intricate shape such as propellers for
boats with outboard motors. Glass-filled polypropylene can be processed with worm
gear type casting machines under the following conditioms: cylinder temperature,
220-240°C; mold temperature, 60-80°C; specific pressure, 700-300 kgi/cm-. The
properties of glass-filled polypropylene are listed in Table 84.




Chapter 9
' TECHNOLOGY OF MANUFACTURE OF SHIP? MACHINE-BUILDING ARTICLES FROM THERMOPLASTS

33. Stern 3earings

The reliable operation of stern bearings is determined in mostc cases by the 193
properties ¢f the antirriction materials used in the "propeller - bearing bush"
friction pair. It is well known that the material used for propeller shafts is
steel, lined with bronze or stainless steel in the region of the working necks. A
wide assortment of materials are used for stern bushings.

Studies have shown®3> 8é cthat one of the promising materials is caprolon.
Stern bearings made of caprolon are successfully used on tugs, icebreakers, fish-
ing trawlers, and crew boats. Caprolon ensures a reliable operation of propeller
shaft bearings with linings of 0Tsl0-2 bronze and stainless steel.

Use of caprolon stern bearings raduces the mass of bearings by a facter
of 2-3, the fabrication labor intemnsity by 40-30%, and the cost of bearings
by 50-60%.

According to their design characteristics, caprolon sliding bearings may be
ivided into the following types:

tvpe I - bearings in the form of a smooth bush pressed into a stern bush-
ing or bracket (for shafts 30-130 mm in diaxeter);
type II - bearings in the form of a bush with a flange pressed into a
stern tube or bracket (for shafts 30-300 mm in diameter);
type III - bearings in the form of a smooth bush pressed into a metal
bushing (for shafts 260-300 mm in diameter);
tvpe IV - bearings in the form of several smooth bushes pressaed into an /194

intermediate bushing (for shafts 260-500 mm in diameter);
tvpe V - bearings with a sat of bushes made of caprolon plates (for shafts
200~500 mm in diameter).

Caprolon sliding bearings are prepared by free casting followed by mechanical
treatzent. The articles are cast in open and closed type molds. The selectioa of
the type of casting mold is determined by the batch production of the cast parts
and the volume of mechanical treatment of the castings. In single-unit or small-
batch production, the casting is made in open molds cf simplified design. In the
manufacture of large series of bushings, it is desirable to cast them by centrifugal
casting. The casting mclds should be made of a material that is chemically resistant
to the action of the alkaline caprolactam solution, thermally stable at tempara-
tures up to 250°C, and suffizienctly resiscant to the loads arising in the course
of shrinkage of the material and during unmolding.

Parts of the mold, i. e., internal cores and flanges subjected to loads during
unmolding, are made of sStainless steel; parts shaping the outer surface of the cast-
ing are made of aluminum alloys to reduce the mass of the molds. In designing the
molds, it 1s necessary to consider the shrinkage of the material in the course of
polymerization, crystallization and cooling.

The shrinkaze of finished articles is as follows:
in open-mold casting - 3.5-4,5% along the outside diameter, 2-2.3% along the
inside diameter, and 5-7% along the heighc;

in closed-mold casting - 2-2.5% along the cutside and inside diameters and 5%
alenz the height.®’




Caprolon castings obtained by the frae-casting method are subjected to
mechanical working and assembled. Mechanical working is done "with standard
metal-cutting equipment. Caprolon is satisfactorily worked with all types of
metal-working tools.

The technology of mechanical werking is determined by the structural type of
the bearing. For example, the working of type I and II bearings includes pre-
creatment of the blank along the outside and inside diameters and ends, finish-
ing of the opening and ends, as well as finishing of outside fitting diameter.

Type III bearings are worked by pressing caprolon bearings into an inter-
mediate metal bush, then the fitting points of the intermediate bush and side
pockets are finished. The opening is finished according to the drawing only when
the bearing has already been mounted in the stern tube.

Fitting of a caprolon stern bearing consists in pressing caprolon bushes
into an intermediate (metal) bush. The pressing may be carried out with hydraulic
and manual presses as well as clamping devices. /195

The mounting of caprolon stern bearings set up in the intsrmediate metal bush
and caprolon bearings =~ bushes pressed directly into the stern tube - is done
according to the process flow diagram used for mounting rubber-metal bushes and
other materials by means of special devices. When caprolon bushes are pressed
directly into the stern tube (without an intermediate metal bush), it is necessarv
to take all steps to protect the surfaces of the bushes from mechanical damage.

In caprolon bearings, the mounting clearance decreases after the ship is
launched because the material swells. During the f£irst month, the swelling takes
place fairly rapidly, and during the subsequent months and years, slowly. Swell-
ing of the bearings compensatas their wear during the first three to five years
of operation. At the same time, swelling of the bearing appreciably decreases
the mounting clearance when the ship is afloat and should be taken into account
wnen drilling the inside diameter of the bearing prior to launching. For ex-
ample, for a nominal bearing diameter of 40 mm, the bearing is drilled to a size
of 40.3 = 0.5, which provides for a sufficient clearance in the first period of
the most intense swelling of the bearing and for its preservation during subse-
quent years of service.

Quality control of caprolon castings is accowmplished by ultrascaic and x-ray
methods. The ultrasonic mechod, which is most promising for large-sized castings,
involves the use of the same instruments as in quality control of fiber glass
plastics: DUK~17, DUX-66, etc. The x-ray method is used mainly for control of
casctings up to 200 mm thick by means of RUT-60-20-1 units using BPV-60 x-ray
tubes. These control methods make it possible to detect such defects as cavities,
cracks and pits.

34. Ship Piping

The chief cause of premature failure of metal piping is the acticn of sea-
water, which is very corrosive, on their inner surface. The use of polyvmers cf
high corrosion resistance for the main components of piping, i. e., tubes and
fittings, is of definite interest, since it permits an increazse in their
durability.
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At the present time, in addition to the use of steel tubes with protective
coatings, polyecthylene tubes, which have a high corrosion resistance and a small
mass, nave found use in individual shipbuilding systems. /196

In foreign shipbuilding, tubes made of polyvinyl chloride, polyethylene and
polypropylene are used for cooling systems of storage batteries, washing off
radioactive deposits, and for cold and hot water supply systems at whaling bases.

The Soviet industry has mastered the manufacture of extruded tubes of low
and high density polyethylene. The tubes are produced in three series. 2
designed for long-term service at an internal pressure of 6.0 and 10 kgzf/cm-.
Tubes of polymer materials combine a high corrosion resistance with an adequate
ercsion resistance in a medium of high~speed seawater. For this reason, the
permissible velocity of water in tubes made of plastics or metal tubes lined with
plastics is 5.0 m/sec versus 1.2 m/sec for copper tubes and 3.0 m/sec for steel
ones. Hence, when tubes of polymeric materials are used, the overall dimensions
of the systems may be substantially reduced.

A successful combination of the mechanical strength of the metal shell
and high corrosion resistance of the polymer can be achieved by using metal tubes
lined with polyethylene tubes on the inside. The metal tubes are lined by combined
mandrel-free drawing of the metal and plastic tube (for small-diameter tubes) or
by reducing the lining insert.

The lined tubes are bent and flanged for joints by means of standard equip-
ment used in a copper tube plant. The components of branches are made iz the form
of shaped parts whose metal housings are lined with polymers by die casting. The
tubes are designed for long~term service in sea and fresh water at pressures up
to 10 kgf/cm® and temperatures up to 65°C. Piping made of lined tubes is used at
the "Vostok'" fishing base and other ships of the fishing fleet.




Chapter 10. PCLYMERIC COATINGS USED IN SHIP MACHINE BUILDING

35. Coating Macterials
Polyethylene is a typical thermoplast; its industrial production was Zirst
set up in 1938 in England and in 1939 in Germany.

Three types of polyethylene, low, high and medium pressure, found technical
application (Table 85). For coatings, it is best to use high pressure polyethylene
(HPPE), which forms coatings by the particle fusion method more easilv than the
other types. In addicion, HPPE has the highest resistance to thermal oxidative
degradation and light aging. Polyethylene coatings protect articles from the ac-
tion of corrosive media and have attractive physicomechanical and electrical insula-
tion properties.’*

The high chemical stability and water resistance of polyethylene are due to
its high crystallinity and close packing of macromolecules in regions of crystalline
formations.

The introduction of fillers (glass fiber, titanium oxide, aluminosilicace)
into polyetnylene substantially improves its strength characteristics. The highest
strength is exhibited by compositions with glass fiber 5 mm long at up to 30%
content. The water absorption of the coating increases when the filler content is
above 30%, indicatiag a loosening efiect of the filler om the packing of macro-
chains at the phase boundary.

In hardness and decorative appearance, polyethylene coatings are inferior to
many other polymeric coatings. Their chief disadvantage is a pronounced cracking
tendency during service.

Table 85
Properties of polyethylenes /198

|
High pressure Low pressure
|

|
polyethylene 1 polyethylene

| roperty

i - 1\
| Density, g/ca’ } 0.92-0.94 | 0.94-0.96 “
i Molacular mass i 10,000-45,000 | 70,000-400,200

| Degree of crystallinity, % | 53-67 g 80-20 !
! Temperature limits of applicacion, °C: |

; upper | 85 | 110 I
| Lower ! -70 i -5 =
i Tensile strength, kgi/cm® 120-150 | 220-280 ‘
| Elongation at rupture, % ’ 150-500 ! 20C-800

[ Modulus of tension, kgf/ca? | 1,500-2,500 | 8,000-10,000

i Dielectric loss tangent at 10° Yz [ €2=5) = 10=* | (2=4) x 10~* |
i A

[n ship building, polyethylene is used for protecting piping, drinking water
tanks and other equipment.

Polyviayl butyral (Butvar) is a polyvinvl acetal - a derivative of polyviayl alco-
hol. It is obtained by condensing polyvinyl alcohol with butyraldehyde in the
presence of hydrochloric acid. Polyvinyl butyral is an amorphous white powder con-
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taining 78% butyral and and 2-3% acetate grcups. It is produced in plas
and unplasticized form. Flexible (plasticized) polyvinyl butyral contai
plascicizer (dibutyl phthalate, dibutyl sebacate, etc.), whose introduct
the film highly flexible and cold resistant.
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The properties of rigid and plasticized polyvinyl butyral are listed in Table
86.

Polyvinyl butyral-base coatings are characterized by high atmospheric resistance,
stability to ozone, and good wear resistance. The coatings are gas and oil resistanc:
after being kept in mineral oil for 7 years, the samples retain their criginal
properties.

In shipbuilding, polyvinrl butyral-base coatings are used for parts to give
the lacter protective and 4. "orative or insulating properties.

The coatings work well in dry and moist air, sea fog, oil and fuel media at
temperaturaes up to 60°C.

Polyvinyl butyral mav be used to obtain coatings of different colers. The
pigments used for polyvinyl butyral are zinc oxide, titanium dioxide, ocher, ultra-

marine, gas black, etc.

Table 86

Physicomechanical and electrical properties of polyvinyl butyrals ol

Polyvinyl butyral |

T
i

% Froperty T i
| Rigid i Plasticized !
| {
| Demsity, g/cad 1,07-1.1 1.05 ;
| Tensile strength, kgf/cm? 280-500 140 i

|
i
| |
| |
| 1
Elongation, 3 ! 5-15 | 150-400
: |
! !
i

| Elastic modulus, 105 kgf/cm? 0.20-0.24 - H
! Martens temperature, °C 48-54 - |
| Coefficient of linear expansicn, °C-1 8 x 10-3 - E
| Water absorption, % 1.0-3.0 @ 1.0-2.0 i
! Dielectric constant at 10° Hz_ 2.8-3.3 : 3.92 :
! Dielectric loss tangent at 10° Hz i 0.0065 - | 0.C6 g

Volume resistivity, ohm cm | |
| |

The best coating quality is given by "slit" polyvinvl butyral, whose melt
spreads well over surfaces thanks to a lower viscosi:y.’J

The coatings are applied by gas-flame, jet and vibrovortex spraying, spraying
in an electrostatic field, and other methods.

Pentaplast is a thermoplastic crystalline polymer. Its high chlcrine content

s
(43.5%) and very dense crystal structure provide Zor an exceptional chemical inert-
ce to solvents. The chloromethyl groups of the polymer are linked

ness and resistan
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to those carbon atoms cf the main chain where there are no hydrogen atoms near nearby.
On heating, this precludes the detachment of hydrogen chloride, which usually
accelerates further thermal degradation and zives pentaplast a high thermal stability.

Pentaplast is marked by high water resistance, strength, hardness, and low
coefficient of friction. The water absorption of pentaplast after 260 days is
0.1%, and the mechanical properties and dimensions of the articles remain constant
after exposure to water for a long time. It has high chemical stability, wear
resistance and excellent dielectric properties.

The physicomechanical and electrical properties of pentaplast ars given below.

FOTISEEY, GIGINS oo s roumsmsiosolsish i orenslaierossfoconsaler s oLo arutars taros 1.4
Strength, kgf/cm?:
EERSEI@N o sl e dinienats ddisis s stelsisms
COMPEESSIVE o cuisisvansvuinsssnss
gtatic bending .ccvoeoee
Elongdtiom 8t TUDCULE; % :eeansessoses

Specifi: impact strength, kgf cam/cm? . /200
Martens temperature, °C ...c.c.coieen..
Elastic modulus, kgf/cm<: .

AENSGOSE 0 s ahs oo aien e osiiiaaio narsiaiolbis oLt oo s als iiaiele e s | DPO 00

s o e O s e el [ (0110)

s R e Or e Do O o B 0 C o Gt
Srinell hardness, kgf/ mm< ..
WaEer abBIOTPEION, & ..c.veivie voivice v sviceiin s asieie s oienssiess s 0.01
Coefficient of linear thermal expansion, °C~* ........ (8-11.5) x 1076

Volume electrical resistivity, ohm cm ....... 1 x 1043
Surface electrical resistivity, ohm o alsrarets o 3 x g
Dielectric permeability:
SEDOVHZ o ie selieinin « wisoie e $see & 8 Eisieies 9avisiee s e N8 3.1
AEPABTIRE o v o050 s io v sicis s e le o s dleons 5o o atnls WU 2.8

The formation of pencaplast coatings is complicated by the crystallization
process, which affects many properties of the films, the magnitude of intermal
stresses, and the adhesion of the coating to the metal surface. Pentaplast in
coatings is usually in the crystalline state. By changing the conditions of their
formation, one can control the crystallization rate and degree of crystallinity
of the polymer, and hence, ¢ .ge its mechanical properties and create conditions
for the formation of high-quality coatings.

Studies <7 have establisned that by changing the conditioms of cooling of
the coating (cooling in air, rapid cooling in water, slow cooiing in air), one
can obtain a polymer with a degree of crystallinicy from 0 to 28%. Sudden cool-
ing of the polymer heated above the melting point of the crystalline phase
stabilizes a considerable content of the amorphous phase and is called quenching.

Quenching in water followed by slow crystallization at 20-25°C to 16% cryscal-
linity permits one to obtain coatings with no internal stresses, no shrinkage
after removal from substrate and high adhesicn to the metal surface.

- air cooling to the same degree of crystallinity, the internal stresses
formed decrease the adhesion; on slow cooling in air, the increase in internal
strasses is so appreciable that the adhesion practically drops te zero.




Thus, the optinum conditions of formation of coatings inclucde obligatory
quenching with a temperature difference from 200 to 20°C followed by slow
crystallization of the polymer. During the crystallization of the polymer,
carried our by keeping the latter for at least 24 h at 20-25°C, relaxation of
internal stresses takes place without weakening the acdhesion of the film to
the substrate.

Pentaplast, a rigid crystalline polymer, has nigh heat resistance but in-~
sufficient elasticity and cold resistance. The glass transition temperature of
amorphous segments of pentaplast ranges from -5 co 7.5°C.

In the temperature range from O to 20°C, a marked change takes place in the
deformational and strangth properties of pentaplast: the impact streagth of the
specimens at 0° is 10 kgf cm/cm®, versus l4G kgt cm/em? at 20°C.

The introduction of liquid plasticizers (dodecyl phthalate, dibutvl sebacate)
into pentaplast leads to a certain improvement in impact load resistance and
lowering of the brittle point.

Pentaplast is used for coating various parts used in ship machine building.

To protact articles used under tropical conditioms, practical application of
pentaplast is pcssible only if the stabilization problem is solved, since in th
unstabilized polymer, elevated temperactures or ultraviolet irradiation in air give
rise to extensive changes which impair the initial physicomechanical propercies of
pentaplast. .

Polvamides are heterochain polymers contairing amide repeating groups
-C-NH~ 1in the main chain of the macromolecule.

0

In hardness, mechanical strength, heat resistance and adhesion to surfaces,
polyamide ccatings surpass polyethylene ones. However, because of fmsurfficient

moisture resistance, they are not used as anticorrosive and weatherproof coatings,
but primarily as wear-resistant ones.

Polyamide coatings“‘ should be used between -40 and 100°C. Prolonged exposure
to atmospheric oxygen above 100°C leads to a marked decrease in the mechanical
strength and adhesion of the coatings. When the parts are used in oil, a tempera-
ture of 130-140°C is permissible. At room temperature, coatings 320-340 .m thick
provide protection for 50 days in distilled water and seawater. At higher tempera-
tures, polyamide coatings swell considerably, lose their achesion and peel off.

The preoperties of polyamides are considerably improved by the introduction of
various fillers -~ graphite, talc, molybdenum disulfide, glass fiber, etc. The
filler is introduced in amounts up to 102 by mixing manuvally or in ball =mills.

Polyamide coatings are applied by spraving, i. e., flame, electrostatic, vibro=-
vortex spray coating and other methods. Of fundamental importance in the technology
of productiocn of polyamide coatings are the cooling conditions. Depending on the
purpose of the coatings, various cooling conditions may be chosen. If hizh wear
resistance is required, the coating should be heat-treated in an organosilicon
liquid or mineral oil prior to the cooling. Such treatzment promotes crystalliza-
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tion of the polymer, increases hardness and decreases the coefficient of sliding

friction and moisture absorption of the film. To obtain elastic and flexible

coatings of improved adhesion, rapid cooling of the article is required (quench- /202
ing in cold or mineral oil).

Epoxy compositions have been included among powder coatings comparatively
recently and have already found application. This is explained by the following
advantages of epoxy-base coatings over other powder ccmpositions and materials:

the films are formed at lower temperatures (100-200°C);

the properties of the coatings may vary with the chemical compositicn of the
materials (brand of epoxy resin and curing agent);

the coatings are characterized by stronger adhesion;

attractive protective properties are obtained with a small thickness of the
coating.

Epoxy coatings ara obtained by using powder compositions based on resins of
brands E-40, E-0S5, E-41, E-33, etc.50

Epoxy resins in powder systems are cured primarily by using the following
curing agents: cyanamides, complex compounds of beron trifluoride with amines,
aromatic amines, anhydrides of polvbasic organic acids, etc.

The composition of epoxy materials include modifiers, fillers, and pigments.
Among modifiers, the one used most extensively is polyvianyl butyral, introduced
in the amount of 5%.

The fillers and pigments introduced into powder systems should be stable to
heat and inert to curing agents, and be capable of becoming highly dispersed dur-
ing the preparation of powders. Thixotropic agents, which control the viscosity
and spreading of the melts, must be introduced into powder compositions to ensure
the quality of the coatings.

Epoxy coatings are characterized by high adhesion, mechanical strength, dis-
tinctive electrical iasulation properties, and chemical stability. They are stable
to water, oils, and fuel.*

Powdered epoxy compositions can be applied in different ways, but the vortex
and electrostatic methods are most commonly emploved. They adhere to vertical walls
practically without running even when subjected to considerable overheating and
present in large thickness, and undergo practically no oxidative degradation.

Powdered epoxy ccatings with fillers (titanium oxide, aluminum powder) ara
commonly emploved for protecting equipment and piping used in seawater.

Recently, extensive studies have been conducted for the purpose of incr
the elasticity of epoxy resins through modification with polyamides, rubbers, and
fluoroplastics, for example, the epoxy-Novolac block copolymer (ENBC).

To increase the elasticity of films and coatings based on epoxy-Novolac resinas,
use is made of various oligomer and polymer materials as modifiers: polyethers,
rubbers, polyvinyl butyrals, and fluorinated hydrocarbons.”"” 203

The reaction of the epoxy zroups of ENBC with the carboxyl gro
involves the formation of a ternary epoxy-Novolac-rubber block copolyme




been found that as the amount of rubber increases, the elastic properties of the
films improve, while their strength properties deciine. The optimum combination
of elasticity, strength and content of the insoluble component are exhibited by
ilms containing 50-100% rubber.

Coatings based on these compositions have a nice appearance, high values of
phvsicomechanical properties (elasticity, shock resistance, adhesion) and atcractive
dielectric properties, and retain these indices when used in seawater.

Combining the block copolymer and 42V fluoroplastic in the presence of the
catalyst triethanolamine formed FEN lacquers in which the ratio of the initial
components ENBC and 42V fluoroplastic is 1:2 and 1:2.5.

Coatings and films based on FEN lacquers are elastic, weatherproof, water and
heat resistant, and possess excellent physicomechanical and insulating properties
(Table 87).

Table 87
Properties of films and coatings based on the epoxy-Novolac block copolymer and
compositions based thereon

ity, ohm cm

?roperty | ExBC | s KEN-100 | FEN-d2v |
| P i | i i 1
\ | | :
| Film density, g/cmd R ; 1.4 ! Lo2 } 1.25=1.3 | - i
Tensile strength, kgf/cm=< l 1200 { 250-330 | 190-220 | 350-370
| Elongation, % | 1-2 | 15-20 | 85-95 | 60-65 |
i Izpact resistance measured Not resistr 50 i 50 | 50 i
| with U-1 instrument, kgf cm/cmf ance i I |
| Flexibilicy measured with i Same i 1 | 1 { 1 |
| ShG-1 instrument, mm i f i |
| Relative hardness i 0.95 ' 0.7 i 0.46 | 0.6 !
{ Water absorption after 30 { 0.4 - 1.0-1.2 | 0.5-0.6
| days, % | |
| - . - s 5 |
| Volume electrical resistiv- I 10%5 4% 1052 §2:5 % 102 i 3 x A0
[

l
i
|
i

Epoxyfluoroplastic coatings combine the high mechanical and adhesive strength
of epoxy resins with the elasticicy of F-42 fluoroplastic. They harden at elevated
and room temperatures and adhere strongly to metals. The properties ol epoxy-
fluoroplastic films and coatings are listed below.

Tensile strength, kgf/cm? ....veeieveeraocseenss 400~450 /204
BIOBBALION, T iivrvicemvas iv vdinins vasons wrnoanee 200
Water absorption after 30 days, % ...eocecnvnnos 0.6
Impact resistance measured with U-1 instrument,
RaE SACHE o Crcnenvins paea S e e G 50
Flexibility measured with SnG-1l instrument, mom . 1

. : : ¥ - - 12
Volume electrical resiscivity, ohm et .vceeeevee 6 X 104°




Acong polymeric materials used as protective coatings, polvurethanes hold a
special position because of their exclusively high elasticity. This rasults in
an exceptionally high resistance of coatings based on them to abrasive and hydro=-
abrasive erosion and also to cavitational forces.

Such coatings are becter abls than others to withstand multiple alternating
deformations, heavy vibrational loads, and sharp temperature fluctuations. Also
of major interest are their sound-absorbing, damping and ablative properties.

A. L. Labutin?® has developed a whole series of liquid rubber-coating composi-
tions (5XU-7, SKU-8, etc.) based on polyesters, but the best combination of
properties is exhibited by compositions based on SKU-PFL rubber. SKU-PFL mixed
with the vulcanizing ageant 3,3"~dichloro-4,4' ~dlaninodiphenylnethane (Diamer X)
and catalyst olefc acid yields elastic coatings which surpass any other polymeri
materials in wear resistance.

The preparation of working ccmpositcions consists in @ixing the components be-
fore the formation of the coatings. To provide for the required adhesion and
water resiscance of the coatings, the rubber-coating compositions are applied on
a priming layer providing an additional barrier to moisture, which diffuses through
the polyurethane coating fila.

The physicomechanical properties of films and coatings based on SKU-PFL rubber
are listaed in Table 88. The chemical stability of films prepared from SKU-2FL
is low, buc they resist the action of many dilute acids, alkalis, and mineral
salcs.

Liguid nairits are low-molecular rubpers. They are obtained by chemical
degradation of chloroprene rubbers.

A mass-produced rubber is nairit A. To increasa the solubilicy, the required
azmount of sulfur is introduced in the form of a solution in mineral oil or as an
aquesus dispersion. 01l and disperse nairits, respectively, are thus obtained
which undergo degradation more readily than other types of nairit in the course of
rolling ia the presence of tetraethylthiuram disulfide (thiuram E) with the forma-
tion of low-molecular products. Soluble low-molecular elastomers suitable for
4se as film-forming substances are “nus obtained. Vulcanized coatings cased on
then possess excellent physicomechanical properties and recain the oil resistance
characteristic of chloroprene rubbers.

rystallizing nairit of brand NT is the product of polymerization of chloro-
prene under special conditions. Nairit of brand NT decomposes to form low-
molacular, readily soluble products used as base for rubber-ccating compositions.
These products ratain their ability to crystallize at room temperature; coatings
based on themw may be used in vulcanized as well as unvulcanized form, so that their
scope of application is naturally expanded.

The soludility of liquid nairits is so high that 65-67% solutions of rubter
apixtures based on them have the consistency of ordinary oil paint and can be
applied with a brush.

Coatings based on liquid nairits 4o a0t have the necessary adhesica to nmetal
and are applied on primers, the most useful of which i5 chlerinated nairit primer.
The primer may be applied on the surface with a brush, by sprayiag, dipping, and
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pouring. It provides for strong adhesion of nairit coatings to both ferrous and
nonferrous metals.

Adhesicn of nairit coatings to metals is also provided by achesives - lzuconace
and 88-N. However, leuconate quickly reacts with moisture and can cherefore bde
used only when the humidity deces not exceed 65%. Moreover, it dces not create an

additional barrier to the penetration of water and electrolyte solutions to the =ezal.

88-N adhesive 1s free of these disadvantages, but its application is limited
by its short working life.

Table 88
Physicomechanical properties of f£ilms and coatings based on SKU-PFL polyurethane

i | Vulcanization

| Property

i at 20°C i at 120°C I
|

| Film density, g/cm? i W 1.1 !

| Breaking strength, kgf/cm’ 150-250 200-350 |

| Zlongation, % 350-430 400-450 f

! Residual elongation, % 2-3 I 5-210

| Shore harcdness, kg:’/cmZ 81-36 83-91

! Britrle point, °C -70 -70

| Flexibility measured with ShG-1 1 it 1

| instrument, mm |

| Impact resistance measured with U-1 50 50 [

! instrument, kgf ca/cm?

| Water absorption after 30 days at 2 i 1 |

I 20%Cs % !

| Gas and oil resistance at 20°C Satisfactory

! Dielectric properties at 50 Hz: |

| dielectric loss crangent | 0.036 -

| dielectric constant 4.2 - !

! Volume resistivity, ohm ca 10l i - {

! Breakdown voltage, kV/mm 22 - |

| L *

Cold-dried unvulcanized coatings with liquid NT nairit base are devoid of 72

elastic properties and have a comparatively narrow range of working temperatures,
from =25 to 50°C. At temperatures above 50°C, unvulcanized coatings undergo craep
when simultanecusly subjected to a load.

Vulcanized ccatings with a liquid NT nairit base are 8 to 10 times more wear-
resistant than coatings of oil and dispersed nairits and are similar in this o
respect to polyurethane elastomers, which are extremely wear-resistant (Table 39).°°
NT nairit-base coatings are characterized by water resistance.

36

Liquid neoprene, produced abrocad in large quantities, is used ia the form
1 i e q s

of rubber coatings om a chlorinated rubber primer (neoprecal, primer 107) for pro-
tecting articles used in chemical machine building and shipbuilding from corrosive
media and abrasive and erosive wear.




Table 89
Physicomechanical properties of nairit-base films and coatings

| {Disperse NT nairit
i inairit,

P . vulcaniza- |[Unvulcanized Vulcanized!
’ EepeTEy tion for i at 120%C
| {21 h at ! |

s i 100°C ! i

I i T i
! Density, g/ca’ X D o1a-1s s L a4
| Breaking strength, kgf/cm* 85-90 50-60 | 30-90
| Elongation, % | 200-220 | 250 | 180 |
i Flexibility measured iith ShG-1 | 1 i i { L {
’ instrument, mm l l i |
! Impact resistance zeasured with U-1 | 50 50 | 50
| instrument, kgf cm/cm? i [
| Brittle point, °C | =30 =40 f =30
| Adhesion to St. 3 steel on chlorinated, 35-45 - | 30
| nairit primer, kgf/cm? i i
| Water absorption after 30 days at | 3-10 3-5 ! 2=3
| 20°c, % i | -
I 0il resistance ! Good
[ Dielectric properties i Unsatisfactory
i

Nairit is used in shipbuilding for coating instruments and devices used in
service maintenance of tankers and other tank ships transperting highly inflammable
products.

Fluoroplastics are crystalline polymers in which fluorine has been substituted
for hydrogen atoms. The fluorine is bounded very strongly to carben, also reinforc-
ing the main carbon chain of the polymer molecule.

The domestic industry is producing a large number of Zluoroplastic brands
which are individual and modified polymers of fluoroolefins and their copolymers:
fluoroplastics 4, 3, 4M, 3M, 2, 2M, 30, &42L, 32, 40, 1, 3B, 26, 26.

Fluoroplastic coatings possess highly protective properties: stability to
corrosive media, gzood insulating properties, low friction coefficient, resistance
to impact, and hea: and cold resistance (Table 90).

Far friction components operating at low temperatures, flucroplastics of
brands 4D and 42L are used as antifriction coatings.>Y

Coatings based on fluoroplastics 3 and 3M have high strength, electrical re-
sistance and hardness. The diffusion coefficient of fluoroplastic 3 is 1/100 that
of fluoroplasctic 4; chis makes it possible to use it as a protective coating,
although it is inferior to fluoroplastic 4 in dielectric properties.

Fluorcplasti
they exhibit prac
resistant and dim

s 1, 2 and 2M are the hardest and strongest of all fluoropolyvmers:
cally no flow in the cold state, are highly weatheroroof, wear-
ensionally stable.

<




Table 90
Physicomechanical and electrical properties of fluoroplastics

i Fluoroplastic

| Property T

T 1 3 3 ; 2 b |

) Density, g/ca’ 1.35-1.40 2.1 1.7-1.8 [ 1.7-1.8 |

i Tensile strength, kgf/ca? 500-600 350-400 500-600 % 450-550

| Elongation, % 70-140 70-200 + 10-250 300-400

| Modulus of flexure, 10 10-14 11.6-16.5 | 16.2 | -

‘ kgf/ca= ‘ i
Fusion temperature, °C 180-190 210 170-180 | 155-165

! Application temperature, °C -80- | =195- I -60- | -60-

| +150 | +150 | +150 | +150 |

| Brinell hardness, kgf/mm2 10-12 10 13-15 I 7-9 {

| Water absorption aiter 0.0 0.0 0.015 i 0.01

{ 26n, % ; ;

. Volume electrical resis-—- 1013 1.5 x 10!8 |7 ¢ 102  {10lt-1plZ |

| tivity at 10° Hz, ohm cm !

| _Dielectric loss tangent at 0.02 0.01 0.136 1 -

! 10° Hz | |

| ! |

Fluoroplastics are used for coating parts of compresscrs, valves, coupling
sleeves, fastenings, etc.

The strength and wear resistance of fluoroplastic coatings may be varied
over wide limits by introducing reinforcing fillers and solid lubricants into
their composition. The fillers are varisus metals and glass; the solid lubricants
are boron nitride, molybdenum disulfide, graphite, etc.

The use of various glass fibers and filamentary crystals (mullite) as the
filler reduces the internal stresses and increases the adhesion to metals. Fluoro-
plastics are applied by spraying methods: flame, high~voltage electric-field and
slurry spraying.

To improve the mechanical strength and adhesion characteristics, certain
fluoroplastic coatings are quenched in cold water.

An increase in adhesion and decrease in internal stressas-’ is achiaved by
priming the metal surface with sealants prepared from fluoroplastic rubbers and
used in the form of solutions. Use of these primers increases adhesion by a factor
of 5-15.

Production of brands of moedified powdered fluoroplastics designed for the
preparation of coatings (30, 30P, 40, 40DP, etc.) has been started recentlyv.
Depending on the function of the protective coating, these powdered polymers may
be used to create compositions that make it applicable to speciiied service
conditions. This is accomplished by increasing the dulk demsity and selecting
the particle size distribution and shape of the powder particles. It has beea
found’* that as the bulk demsity increases, the protective property of the film
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improves, as does its density, since the more uniform the packing and smaller the
aumber of loose-packed regions iIn the layer of the polymer powder particles, the
smaller the number of pores obtained after the polymer has been partially fused.

The compacting operation comsists in heat-treacing the polymer powder at
elevated temperatures. The optimum heat treatment temperatures for powders of
brand 30 are 200°C, with a treatment time of 60 min; for brand 40, 240°C, 30-70
min; for 4M, 220°C, 40-50 min. In films cf compacted fluoroplastics 20 and 40,
internal stresses decrease considerably, and specific elongation markedly in-
creases.

Copolymers of hexafluoropropylene with tetrafluorocethylene and vinylidene
fluoride - viton, teflon - 100X, XYeL-F, and polyvinyl fluorides’® are widely

employed in foreign technology at the present time.

36. ~Properties of Coatings

Adhesion. Adhesive strength depends on the nature of the polymer and
composition of the adhesive. A nonpolar adhesive wetrs the metal surface well,
and therefore, even in the absence of active functional groups, a certain ad-
hesive strength is achieved. A much stronger bond between the polymer and metal /
is achieved when the polymer has functicnal groups that interact with the metal
surface. ¥

It is important that the adhesive not merely contain a certain number of
polar groups, but rather that these groups be capable of strongly interactin
with the surface groups of the metal.

The presence of 0.5 of carboxyl groups in the polymer provides for strong
adhesion (up to 360 kgf/cm<); polymers containing hydroxyl groups in the zolecule
also possess high adhesive strength.

0f major interest for adhesion svstems is the mechanism of interaction of
polymeric adhesives with the oxide film formed on practically any metal surface.
As a result, ionic bonds may be formed at the polymer-metal boundary in many cases.
This type of bond occurs =ost frequently in the contact of metals with carboxyl-
and hydroxyl-containing polymers.

Considering the variety of factors affecting adhesive strength, one should
expect that by medifying not only the binder but also the metal surface, one could
achieve a significanc increase in adhesive strength. The chief method of obtain-
ing such a modification is to create additional chemical bonds acting at the ad-
hesive-metal interface.

The stability of the adhesive bond mav be increased by pretreating the metal
surface with substances tending to form at least a sparse network of chemical ad-
hesive bonds between the metal and polymer. A chemisorbed monolayer is formed on
the metal surface.

The increase in initial adhesion and stabilization of properties in the presence
of an adhesion-active sublayer is due to the formation of covalent adhesive bonds
in the system. The molecules of the sublayer are initially chemisorped on the
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metal surface. The formation of chemical bonds between the macromolecules of the
polymer and the surface compounds on the metal is highly probable during the Zorma-
tion of the polymer ccating.“9

The adhesion-active substances used are toluylene diisccyanate, y-amino=-
propyloxysilane and oleic acid. Of these, the most active is toluylene diisocyanate,
obtained by reacting phosgene with toluylenediamine.

The extent of the adhesive contact is largely dependent on the chemical nature
of the metal and the microrelief of its surface. The most extensive and chemically
active surface under the coating is obtained by shotblasting the metal with split
shot, the sharp edges of which produce the required roughness on metal surfaces.
With increasing height of microirregularities (sanding, sandblasting), the adhesive
strength of the coatings increases. At the same time, with increasing height of
the microirregularities, the internal stresses increase, causing a decrease in ad- /210
hesive strength.

The maximum adhesive strength is achieved when the height of the projections
is 20-24 um. When the projections increase from 24 to 200 um, the intermal
stresses increase and the strength of the adhesion bond decreases. With increas-
ing height of the microirregularities, the growth of internal stresses causes
cracking of the protective film.

Tables 91 and 92 present data showing the effect of the degree of surface
treatzent and brand of metal cn the adhesion of coa::'.mg,s.‘1

Table 91
Adhesive strength vs brand of metal

| Adhesion, kgf/cm? f
Metal !
|

1 . s i
; Capron }Polyvinyl buty:all Pentaplast |
[ | | | |
| sSteel St. 3 ’ 310 ‘ 340 1 220 z
{ Steel Sc. 45 | 350 | 400 | - i
| Brass L-52 | 230 i 260 | 135 |
i Aluzinum ; 400 | 420 i 240 |
, Bronze ! - | 200 { 110

Note. .Adhesion determined by the "mushroom" method; metal surface treated
| with sand.

The properties of a coating and the strength of adhesion to the metal are
larzely dependent on the £ilm thickness: the thinner the film, the stronger its
adhesion to the metal. This increase in adhesion-’ with decreasing thickness
may be explained by the orienting influence of the solid surface, which is strong-
er for thin films. A significant role is also plaved by the scale factor, since
the probability of existence of defects in the adnesive layer increases with
its thickness.




Table 92
Adhesive strength, kgf/ /cm?, vs method of preparation and xnicrorelief of St. 3
steel surface

{ |
! ! | Coating
i -
Method of Suriace Preparation i £inish |Capron
| i

|

|

|

olyvivl Penta- |
i

butyral| plast !

, { ! i
I ! i |
i Grinding 6 I 310 1 200 | 250 f 200 l
| Sandblasting It 1 360 260 | 340 | 220 |
| Sandblasting and phosphatiz- | 420 | - ! 380 i 280
| ing | [ | {
g Shotblasting 3 | 300 | 260 | 320 | 260 |
! |
|
Note. Adhesion determined by normal detachment. :
The anticorrosive and insulating properties of thin coatings afe not nearly /211

as good, and they wear out fascer.

The optimum thickness of polyvinyl butyral, polyamide and pentaplast coatings
is 0.25-0.3 mm; as the coating thickness increases from 0.2 to 0.6 zm, the ad-
hesive strength between the coating and metal drops sharply (the adhesion of capron
to St. 3 steel decreases by a factor of 1.3-1.5).

One of the chief factors determining the properties of adhesion bonds is the
2olecular and structural mobility of the polymer.

leads tc an increase

ial cross-linking
polym In this
rties is similar.

A reduction in molecular and structural uobilltv usually
in adhesive strength. The introduction of fillers and artific
nuclei is ghe best way of altering the structural state of a
case, the character of th: change in adhesive and cchesive proper

The adhesive strength in a polymer-metal system as a function of the content
of fillers in the adhesives is frequently described by a characteristic curve with
a maximum. Obviously, the role of free functional groups in the adhesive is mani-
fested here as well.

Internal stresses. The mechanism of formation of internal stresses in films
formed on a solid substrate consists in the fact that as the solvent volatilizes,
the film can contract only in thickness; as a result, stresses parallel to the
surface of the fila arise in the latter.

Stresses may also arise during other processes associated with a decrease in
volume. Since the process of film formation frequently takes place at high tempera-
turas, cooling of the system causes an increase in stresses as a result of different
coefficients of linear expansion of the coating and substrate, as well as
crvstallization shrinkage.

Rapid cooling increases internal stresses because of insuffi
slow ccoling promotes more complete relaxation processes due to o

structural elements, which decreases the stresses in the ccating.

ient relaxation;

el
rieatation of the




On rapid cooling, the degree of crystalline order in polyethvlene tvpe
polymers decreases. It would seem that a decrease in crystallinity, i. e., a
certain amorphization of the coatings on rapid cooling, should improve the crack-
ing resistance, but despite the specific elongation values and imnact strength,
which are thereby increased, quenched coatings break down faster. This phencmenon
is due to the mcre active effect of nonrelaxed internal stresses, which are
greater than in slow cooling, and the breaking strength is lower.

Table 93
Effect of cooling rate and heat treatzment on the mechanical properties of low-
pressure polvethylene coatings

! Degree of |Internal | 3reaking : i
{ Conditions of Preparation of !crystallin-|stresses, istrength, {Elongation,
| Coating ity % kgf/em - |kgs/cm 4 I %

- |
! Cooling conditions: é I ! i |
' rapid (quenching) ! 75 i 62 [ 150 I 5.3 i
I slow | 25 58 {183 B2 |
! Heat treatment for 4 h: | i {
‘ at 130°C | 2 | g | 4.2 !
’i at 200°C l 76 | 160 \ 7.6 -
i |

To remove the internal stresses and increase cracking resistance, the coating
should be heat-treated at elevated temperatures. As a result of prolonged action
of heat, the internal stresses in the coatings are reduced by almost cne-half,
wnile adhesion increases.

Coatings based on certain fluoropolymers, polyvinyl butyral and pentaplast
should be quickly ccoled in water during their formation; the internal stresses
thus fcrmed are small, and with time decrease to an insignificant valte.

This may be explained by the dissimilar structure of the material and coating,
ormed under differenc~cond1:ious. On slow cocling, the coating has a more
rystalline struccure?’ and compact packing, its volume is smaller, and hence, the
nternal stresses are higher in this case. On rapid cooling, an amorphous
structure predominates in the coatings. The degree of order of the macromolecules
is lower, and the internal stresses are also small.

£
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The internal stresses, which increase in the course of aging of polymeric
coatings, reach values comparable to the strength of the films, and in many cases
cause cracking of the films cr their spontancous peeling. Of particular interest
therefore are ways of controlling the stresses in polymeric coatings. In particu-
lar, by changing the temperature of film formation, moisture content of the medium,
proportions of the components, amount of plasticizers and pigment, one can active-
ly affect the magnitude of internal stresses and their buildup kinetics.

3y altering the nature of the support and using elastic primers for polymeric
coatings, one can alter the adhesive strength and thereby control the internal
stresses and hence, the useful life of the coating.




As a result of the damping influence of primers, the impact resistance and
elasticity of the coatings are appreciably increased.

Fillers have a sudstantial influence on the internal stresses of coatings. {213
On the one hand, internal stresses are decreased by the introduction of fillers
because the coefficient of thermal expansion of the film matesrial decreases, and
on the other hand, thev increase, since the relaxation processes are inhibited
(the elastic modulus increases) and the glass transition temperature rises. The
resultant of these processes is usually positive in the case of amorphous polvmers
and negative in the case of crystalline ones.

Internal stresses in polymeric coatings are determined by the optical method
and method of bending through an angle according to GOST 12036-67. The latter
nethod is based on measurement of deflecticn from the initial position of the free
end of a cantilevered elastic metal plate with a polymeric coating.

The internal stresses g, are calculated from the formula

ARES
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where 2h is the deflection of the support from the initial position, cm;
E is the elastic modulus of the support, kgf/c::;
s is the thickness of the support, cm;
1 is the working length of the support, cm;

is is the thickaess c¢f the polymer film, cm.

Water resistance. The water resistance of a coating is determined by its
porosity and swelling capacity. The very slight true porosity of high-molecular
film-forming substances is due to the presence of a small amount of solvents or
plasticizers. The formation of a three-dimensional reticular structure promotes

a decrease in structural porosity.

The service life of a polymeric coating is represented by the rate of penetra-
tion of water molecules into the polymer mass, i. e., by the value of the diffusion
coefficient. The technique for determining diffusion coefficients is described in

Ch. III. Given below are the diffusion coefficients, in 10~% ca?/h, of various
polymeric films, determined by the sorption method.

SKU-PFL (cold vulcanization) MR DR - e
KEN=50 cus vevnnvaveas v e wrereys vigrerdle | B
KBNS L0 oruiloio v oot s s e)am & o 83 saois s sraisia o o sfeleie se ssons. Gl
SKUSEFL # 5% SKION: i somes o s ovnomeee s sovse siswsve LLD
Pentaplast ...cveceee e Swsner ey vanss oo Sel
Fluoroplastic v ves 4/ syiers vane S0
Polyethyletie «....ccvovssvvnvcsonss seee saw e el
Epoxyflucroplastic lacquer ...civeececccaccnceccccss 1.0

The diffusion coefficient of the SXU-PFL urethane elastomer is somewhat
different (6 x 107> cm“/h) from the ccefficients of polymeric materials; this
correlates well with the nigher water absorption of these elastomers. The intro-
duction of fillers (5-15% of SKIN rubber) reduces the water resistance of poly-
urethanes and causes the diffusion coefficient to increase to 1.1 x 10™* ca<-/h.
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Some investigators“‘ believe that the water absorption of films and their /214
impermeability to water depend on the reticulation, which is associated with the
formation of internal stresses; the latter mav give rise to isolated cavities
which promote better penetration of water vapor through the film and an increase
in its water permeability.

As a rule, the introduction of pigments promotes a decrease in the permeability
of coatings, particularly if the particles are scale-shaped; however, when the
critical volume content of the pigment is reached, the permeability of the film
increases.

The best results (Fig. 75) for the water resistance of polymeric materials
were obtained with films cured at high temperatures; the water absorption of |
pentaplast films is insignificant.
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Fig. 75. Water absorption B, %, of coatings.

1 - SKU~PFL polyurethane (cold vulcanizaticn);
2 - K&£N-50 composition; 3 - SKU-PFL poly-
urethane (hot wvulcanization); & - KEN-100
composition; S5 - FEN-42V composition.

Capron, polyamide 68, low-pressure polyethylene and polyvinyl butyral have
poor anticorrosive properties: coatings of capron and polyamide 68 peel off after
2-3 months of exposurs to water, 2and those of polyvinyl butyral and polyethylene,
after 4-5 months. Coatings based on fluoroplastic are water-resistant and can be
used under high humidity and tropical climate conditions.

The protective capacity of the films also depends on the thickness and number
of layers of the applied coating. With increasing number of lavers, che protective
capacity improves as a result of multiple overlap of the pores in the film and
lengthening of the path of moisture diffusion toward the support. The more severe
the service conditicns, the greater the thickness which the coating should have:
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in the presence of constant action of water, the thickness of the coating
should be no less than 200 pm or even 300 um.

The decrease in the adhesive and mechanical characteriscics of coatings
during long-term exposure to seawater is directly proportional to ¢ i
absorption of polymeric films (Fig. 76).

The long-term strength of pentaplast coatings is shown in Fig. 77 (¢ being
the effective stresses and v, the length of the tests). The combined acticn of
the corrosive medium and loads significantly reduces the long-term strength of

the coatings.”!

Dielectric properties. The principal dielectric properties of thin-fila
polvmeric coatings are given in Table 94.

Table 94
Dielectric properties of thin~film plastic coatings /215
[ | Thickness |[Dieleccric | Breakdown |Elacerical
| Coating [of layer, | loas . voltage, resistivity, |
i } um ! tangent | kV/mm | ohm es i
| capron | 450 (S i 33 0.1 x 10% |
i P-68 polyamide | 300 | - | 43 | 1ol
1 } Polyvinyl butyral | 280 {2.0 x 10-2 | 72 [ 8.8 x 16°° |
: { Pentaplast | 200 {1.6 x 10-2 | 80-100 | - ;
| VD polyethylene | 250 | 4x10 | 45-60 | 2 x10!* ]
: Polvepoxides [ 200 | %% 2073 | 50 {8 x 10! |
| Polychlorotrifluoro- | 280 | 4 x 107% | 150-200 | 1.2 x 1038
i ethvlene | {

Coatings based on polyethylene and fluoroplastics have excellent electrical
insulation properties over a wide temperature range. The low water absorption and
: high chemical resistance ensure the stability of the electrical insulation properties
when the coating is used in corrosive med:.a.

i The electrical insulation properties of elastomer coatings change with the
type of electric current, duration of action of the voltage, and reiative humidity
of the ambient medium. In the presence of direct current, aven with a high

3 voltage, the breakdown voltage of elastomer coatings is 2-2.5 times that of 30-Hz
b alternating current.

The appreciable drop in the breakdown voltage of elastomers under mechanical
lcad is due to the partial polarizability of the material in extension, and to
the accelerated oxidation of the elastomer, which is in a stressed state.

o]

=
b
o8

In studying polymeric materials used for protecting articles operating i
corrosive media, the chief criterion for estimating che protective capacity of
the coatings is the electrical resistiviry of the film, preventing the migra=-
E tion of ions and reducing the corrosion current to an insiznificant value.

|
|
|
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Fig. 76. Adhesive strength A, kgf/cm-, Fig. 77. Useful life of penta-
of pentaplast coatings with steel and plast-base coatings on steel vs
brass vs time of exposure T to seawater stress.

normal detachment method). . i :
(no L ethod) 1l - in air; 2 - in water.

1 - St. 3 steel; 2 - L-62 brass

The high resistance in the initial state and the ability to maintain it at
this level during prolonged exposure to seawater indicate an insignificant
permeability of the coating to ions of the electroclyte, and hence, excellent
anticorrosive and eleccrical insulation properties of the coatings. The process
of change in properties in water may be broken down into three periods:

n

(a) a comparatively rapid decrease in resistance due to diffusion o
carrosive agents and an increase in their quantity in the film;

(b) a state of equilibrium, when futrther water absorption and drop in
resistance cease;

(c) intensive corrosion of metals under the film and Sreakdown of the coat-
ings; further drop in resistance.

During the first few days of exposure tc water, the resistance of most films
drops by 2 to 3 crders of magnitude, which corresponds to the maximum water ab-
sorpcion by the films and an active diffusion process. Afcer 60 days, a state of
equilibrium is established in the majority of the coatings, and the water abscrp-
tion and decrease in resistance cease. A certain increase in rasistance after
three days of exposurs of pentaplast-base coatings to water may be explained bv
the formation of an oxide film on the surface of the specimen, and the resistance
of the films subsequently undergoes a certain decrease.

‘“hen pentaplast-ccated specimens whose edges are well-insulated are exposed
to seawater, practically no drop in resistance occurs because of the slight water
absorption.

The introduction of pigmencts into fluoroplastic-base coatings causes a

certain decline in dielectric propercties, although it slightly increases the
stability of the films exposed to seawater. The most stable dielectric properties
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are those of coatings based on KEN and FEN lacquers, which correlates with the
water apsorption kinetics of coatings based on these lacgquers.

Erosion resistance. An adequate amount of information has been collected on
the erosion resistance of metals, but in the case of the erosion resistance of
plastics and synthetic mater:als, the data are scarce and in many cases contra-
dictory. The highest cavitation resistance is exhibited by elastic synthetic
materials, i. e., polyurethanes and rubber.’”

Japanese scientists have conducted many studies to determine thes cavitation
resistance of chromium and nickel-base polyurethane, rubber and electroplated
coatings. The highest resistance to cavitation erosion is exhibited by chromium, /217
and among polymeric coatings, rubber ones are only slightly inferior to chromium.

According to the Japanese researchers, the high cavitation resistance values
obtained for rubber ccatings are due to the ability of elastic materials to 3b-
sorb pulsating impact loads. The tests enabled the Japanese researchers to
recommend neoprene coatings along with chromium for protection of the prepeliers
of fast ships.

Results of tests of cocatings based on polyurethane compounds have shown gocd
prospects for the application of the elaborated urethanes as protactive ccatingzs
for abrasive and hydrcabrasive erosion and cavitatiocn.

In tasts on a hydrodynamic stand, the erosion rate is so high that the start
of destruction of the coating is difficult to record, and a complete detachment
of the films takes place in just a few minutes.

Testing on devices reproducing che cavitation process with a high rats of
action (of magnetostriction vibrator type) may appraciably distort the results
obtained because of the difference between the cavitation processes in nacture
and in the testing chamber.

The study of the relative stability and determinaticn of the mechanism of
cavitation breakdown of a coating make it necessary to reproduce a cavitationm
process analogous to the natural process. Under laboracory conditions, this is
accomplished by using cavitation-erosion stands equipped with a Venturi chamber.
The method for testing the polymers and their resistance to ercsion wear is
given in Ch. 3.

The erosion resl!stance of coatings tested on a vibrator and in a Venturi
chamber at flow velocities up to 55 m/sec is given in Table 95.

Materials having elastic characteristics and the ability to extinguish (damp)
pulsating loads exhibit the highest resistance to erosion wear. In their rasistance
to arosion wear, coatings based on SKU-PFL polyurethane and nairit considerably
surpass carbon steel and approach chrcmium-nickel steel. When the adhesive
strength is unsatisfactory, a weakening of adhesive contact and peeling of the
coating off the substrate may occur during the testing.

Materials of great hardness and rigidity (pencaplast) are the least stable
o cavitation.




Weathering resistance. The weathering resistance of coartings is studied under
field conditions and in artificial climate devices. aAdhesive contact between the
polymer and metal substantially affects the properties of the coatings, and there-
fore, the processes of aging and destruction of coatings under atmospheric condi-
tions differ from the processes taking place in blocks and free films.

Table 95
b Cavitation-erosion resistance of polymeric coatings /218

hicks CfID ation of| =
Ihkelneag jourat Nature of Breakdown

| i
" \
i Coating | coating,m tests, h | 1
1
|
|

K ? SKU-PFL vulcanized coating %5 | 200 | No breakdown

on LMtsZh-55-3-1 brass g l
1 | Same on St. 3 steel RS | 400 Samz
b | Vulcanized coating based on i 210 300 Start of cavitation
3 | NT nairit on St. 3 steel (epacy- erosion !
. i 1 nairit primer)
e | Kh18N10T steel - 400 No breakdown I
o | St. 3 steel - 15.0 | Start of cavitation
| ] erosion '
| Pentaplast on AZhN-9-4-4 0.280 8.5 Breaking off of coat-
3 | bronze ing at the cavita- !
b ! tion center i
1 ! Fluoroplastic=1 on AZhN- 0.160 | 20.5 { Coating peels from
4 | 9-4-4 bronze | the edge i
; I 5-4-71 paint on LMtsZh- 0.300 80.0 <
.8 | 55-3-1 brass
f FEN2-42V on brass 0.160 29.5 90% of coating peeled
i of {
t KEN-50 on brass 0.180 g 100 No breakdown |
| { | }

The state of the coatings during the studies is estimated from the change in
chemical and optical properties, microhardness, impact hardness of the coating
material, and retention of adhesive contact.

The study of the changes occurring in the chemical compositicn of a polymeric
\ 4 coating involve determination of the molecular mass of the material (viscometry
method), crystallinity of the polymer (x-ray diffraction analysis), and changes
in the crystal lattice (method of electron diffraction). The state of the surface
of the coating is estimated from its reflectivity by measuring its brilliance.

In the course of natural atmospheric aging of polyethylene coatings,ja it was
! noted that after only 6 months of exposure, a network of cracks appeared on the
irradiated portion of the specimens. Tests of pentaplast coatings under tropical
clinate conditions showed that they undergo appreciable changes after 8-10 months
of exposure to atmospheric conditions; the stability of the polymers is affected
not so much by the intensity of the radiation as by its wavelength.

Absorption of ultraviole
3 ion of oxide (carbonyl) groups, which in

nitiates the rupture of the molecular
9f polyethvlene and promote t

4
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L turn are active centers of radiation absorption. The appearance of oxidized
groups is demonstrated by the increase in the dielectric loss tangent, the value
of wnich depends on the relaxation of the carbonyl groups in the coating material.

A considerable change in the composition and structure of pentaplast may be /219
detected in the infrared absorption spectra of films aged under the same condi-
tions as the coatings.

Analysis of the infrared spectra showed the presence of hydroperoxy groups;
the spectrum contains an absorption band around 3480 cm~!, corresponding to 0-H
stretching vibrations of hydroperoxy groups, and the 845 ca! absorption band of
0-0 vibrations of hydroperoxy groups.

These data make it possible to postulate a mechanisa for the process of
oxidative degradation of pentaplast.-3

The initiation is accomplished by the detachment of hydrogen from a methylene
group, which is the most vulnerable unit of the macromclecule. After the addition
of oxygen with the formation of a peroxy radical, the chain propagation process
proceeds via the formation of hydroperoxide, whose decomposition leads to the forma-
tion of aldehyde, ester and acid groups. The relative quantities of these groups
are determined by the different probabilities of bond rupture in the peroxy radi-
cals, which propagate the oxidation chain or recembine.

Thus, the oxidative degradation of pentaplast develops as a chain radical
process, the inhibition of which requires the use of thermal and light stabilizers
of the initial polymer.

Additional crystallization of the polymer occurs in the regions of rupture
of strained bonds. This is manifested in an increase of the degree of crystallinity
and microhardness of the coating material. At the sare time, cracks along the
boundaries cf spherulitic formations and the appearance of fibrous structure in
the spherulites of the polymer are visible in the field of an optical microscope.

Processes of cross-linking of the coating material take place along with
degradation processes under the influence of ultraviolet irradiation. In cross-
linking, hydrogen splits off from the hydrocarbon chain, and the free bond thus
formed links up with the analogous free bond of a neighboring molacule, forming
cross-links.

The degree of cross-linking of a polymer is characterized by the insoluble
fraction formed, whose quantity increases with the exposure. Significant changes
in the chemical structure of the coating are reflected in the mutual orientation
of the chains, i. e., the characteristic regularity of the supermolecular structure
is markedly disrupted. The optical picture of the spherulites disappears, and
individual protuberances appear. Numerous cracks running along the boundaries of
these protuberances are observed. The reflectivity of the coatings decreases
appreciably.

When tested in an artificial weather device, the coatings undergo significant
changes. After only 30 h of testing, the pentaplast coating darkens, the surface
becomes rough, and a decrease in luster (Fig. 78) and increase in microhardness
q are observed. The increase in microhardness during the initial period of aging
is due to additional crystallization causingz an increase in rigidity and hardness.
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Subsequently, the crystalline structure breaks down, microcracks develop in the
material, amorphization of the coating takes place, and the microhardness de-
creases (Fig. 79).
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Fig. 78. Change in luster of penta- Fig. 79. Change in microhardness
plast-base coatings during aging. cf pentaplast during aging.

1l - nonirradiated side; 2 = irradiated
side.

After 500 h of testing in the artificial weather apparatus, the coating
effectively loses its protective functions, cracks, and crumbles. The cracking
and peeling are due to internal thermal stresses, which arise under thermal
cycling conditions and are due to the marked difference between the coefficients
cf linear expansion of the material of the coating and substrate.

Testing of polyamide coatings established that ultraviole€ radiation also
causes degradacion and oxidation of the material, a decrease in molecular
mass, and a decrease in dielectric loss tangent. The changes taking place in the
polymer lead to an increase in the degree of crystallinity. The supermolecular
structure of a polycaproamide coating undergoes visible changes.

The introduction of fillers shielding polymers from the action of light in=~
creases the stability of polyamide compositions; the maximum increase in stability,
up to two years, is achieved by adding graphite. On the whole, polycaproamide
coatings are more stable to ultraviolet radiation than polyethylene ones and may
be recommended Zor use in regions of dry trepical climate in components and parts
protected from direct solar radiation.

In tests of coatings under light filters absorbing ultraviolet irradiation,
their breakdown takes place much more slowly. After 12 months of exposure, only
isolated local microcracks in the supermclecular structure of the material are
observed, evidently due to overheating of local regions.

Cne of the methods of stabilizing polymers to light involves the use of
compounds which incensely absorb ultraviolet light without undergoing photolysis.
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Thermal oxidative degradation of pentaplast is inhibited by introducing in- /221
hibitors, i. e., antioxidants (phenols, aromatic amines, esters of phosphorous,
propionic and lauric acids).3® The best protection from light is provided by
polymers which are derivatives of benzopnenone, tenzoic or salicylic acids and
resorcinols, and which absorb the ultraviolet portion of the spectrum. The intro-
duction of the photostabilizer 2~(2'-hydroxy-5'-methylphenyl)benzotriazole (tinuvin
P) in the amount of 0.25% of the mass of the polymer powder into the composition
of the polymers increases the stability of polyethylene and polyamide coatings by
a factor of two to three.

37. Metheds of Preparation of Coatings

The methods of applying polymeric materials on the surface of articles are
quite varied. This variety is determined by the type of materials employed,
technology of their application and equipment used.

Discussed below are the most commonly emploved methods of applying polymeric
coatings and new progressive mecthods.

Vortex spray-coating. In vortex spray-coating (application in a fluidized
bed), the preheated article is dipped in a bath with a powdered polymer contained
in a fluidized bed. After removal from the bath and additional heating of the
article, the adherent particles melt, and, spreading over the surface, form an
even coating.

In most cases, powders are fluidized with compressed air. However, because
of the thermal oxidative degradation of finely divided polymer powders, it is
preferable to use an inert gas.

The fluidization rate affects the properties of the cocatings, particularly
adhesion and continuity, and one should therefore select a gas flow rate at which
a uniform and quiet boiling of the powder is observed.

The film thickness, qualicty of the coating and its adhesion depend on the
preheating temperature, residence time of the article in the bath, height of the
fluidized bed, and duration of the fusion process. The optimum heating tempera-
ture of the parts during application of coatings based on epoxy resins in a
fluidized bed ranges from 160 to 180°C. If the temperature conditions are disturbed,
the properties of the coatings decline sharply, and for this reason, it is not
recommended to change the thickness of the coating by changing the heating tempera-
ture.

The principal technological parameters of the process for obtaining coatings /222
from various polymers in a fluidized bed are presented in Table 96.

Devices for applying coatings by this method are simple to build and operate.
The coating may be applied both manually and on coaveyer production lines.

Disadvantages of the vortex spray-coating method include the difficulty of
coating articles of different thicknesses, cumbersomeness of the equipment for_
coating large-sized articles, and nonuniform coating of edges and corners.<>» 71




Table 96
Technological parameters of preparation of coatings frem powdered polymers in a
fluidized bed

i i !
[ Preheating [Residence |Additional |Duration ofj
! Polraer temperature|time of heating jadditional
s of part, °C|part in bed|temperature |heating of
sec of part, °C Ipar:, min
Low-pressure (stabilized) 250-340 3-20 200-220 2-7
polyethylene
P-68 polyamide 230-300 1-15 220-250 2-3
Polyvinyl butyral 230-360 3-20 220-230 2-7 |
Pentaplast 280-330 5=25 230-240 ' 3-20
3M fluoroplastic 260-280 6-10 210-270 ! 240
| Epoxy resin 140-160 4=-10 150-180 ilZO-lSO
|

Vibratory sprav coating. The method essentially consists in bringing heated
parts in contact with powdered polymers in a suspended state through vibration.
Two types of vibratory apparatus have become most popular: in the first, the vibra-
tions are executed by the entire vessel containing the powdered polymer, and in
the second, only the elastic bottom vibrates, while the walls of the apparatus
remain stationary.

The fluidization effect in these devices is achieved by subjecting the powdered
material to forced oscillations of definite frequency and amplitude.

The vibratory method has some advantages over the vortex method: the preheat-
ing temperature of the parts may be somewhat lower, since there is no cooling of
the polymeric material by the passing gas flow, and no powder particles are tlown
out; no compressed air or gas is required.

The construction of vibratory spray coating devices is fairly simple. The k
vibrators, which are the chief element of the apparatus, may be mechanical, pneumat:ic,
electromagnetic, or electrodynamic.

The vibratcry method also has several drawbacks which limit its application. /223
They include a small coefficient of volume increase during fluidizaction (up te
about 1.15), higher requirements for the polymer (finely divided powder) and the
necessity of a careful selection of the components with regard to mass and
particle size to prevent demixinginto fractzions; nonuniformity of the fluidized bed
with respect to the height and cross section of the apparatus, causing the coat-
ing of the article to be nonuniform with respect to height.

Vibratory vortex method. This method is practically free of the drawbacks in-
herent in fluidization by vibration. The simultaneous action of gas and vibration
on the polymer particles creates a homogeneous structure of the fluidized bed and
in addition, precludes separation of the powder. The role of vibration essentially
amounts to separating the particles, thus decreasing the friction between them, and
the ascending flow of gas (air) keeps the polymer particles in a suspended state.
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The vibratory vortex method yields a uniform fluidized bed when various
powders are used, including those that are difficult to fluidize by the usual
vortex method.

Coatings prepared in laboratorv vortex spraying apparatus have a uniform
and much greater thickness than in other types of devices. It is no longer
necessary to select a powdered polymer in narrow particle-size fractionms, since
there is no demixing of polydisperse mixtures during fluidization by simultaneous-
ly acting vibration and gas; this is particularly important when using a material
with various types of additives (fillers, stabilizers, pigments, etc.).

Centrifugal method. The centrifugal method consists in applying a layer of
polymeric material on a suitably prepared and heated surface of a rotating article.
When it comes in contact with the heated surface, the polymer powder fuses and
spreads under the influence of centrifugal forces. This yields a coating of
uniform thickness.

This method is used to prepare thin-layer polymeric coatings on large-sized
parts in the shape of bodies of rotation: inserts, bushings, connecting flanges,
or stators of electric motors.

When this method is employed, the additional action of centrifugal forces on
the fused polymer provides not only for a high quality of the coating but also for
its stronger adhesion. The centrifugal method began to be used in the Soviet
Union and abroad for coating the inner surfaces of metal tubes.

Electrostatic method. The method of application of polymeric coatings in an
electrostatic field is one of the most promising ones. The coating is applied by
using the corona discharge effect due to the action of a high-voltage current.

The ions thus formed, which have the same charge as the corcna electrode, are

repelled from it and move in the direction of the oppositely charged electrode.

A high-voltage electric field is produced in the space between the electrodes. /224
If polymer particles are introduced into this space, the ions charge them on

contact. The charged particle moves toward the electrode (part) of opposite

charge and settles on its surface.

After deposition, the charged polymer particles can remain on the surface
cf the cold part for a long period of time, this being due to the property of
dielectrics of retaining polarization even after the electric £ield is removed.
This extends the applicability of the method, since it permits application of
polymeric coatings on parts even without preneating.

Two types of processes have become common: pneumatic and electrostatic spray-
ing of the polymer.

In the pneumatic spraying method, the powdered polymer at low pressure, 0.8~
1.0 kgf/ca®, 1s fed 1iato the space berween two electrodes. The sprayed particles
acquire a negative charge and deposit on the surface of the part being coated.

The application of a polymer powder by electrostatic spravers is analogous to
the prccess described above. The role of the sprayer in this case is played by the
corona electrode.

196




Btad ot

Thin~-layer polymer ccatings may be cbtained in an ionized fluidized bed.
This method essentially consists in the fact that the cold part is immersed in
a fluidized bed of powdered polymer acted upon by the corona discharge of a high=-
voltage electric field. The polymer particles are charged, and, acted upon by
electrostatic forces, uniformly deposit on the part, which is moved to an oven
for fusion.

This method may be used to apply almost all of the known polymeric materials
withstanding the temperature necessary for fusing the powder. The coating cobtained
has not only a uniform but also a predetermined layer thickness.

The thickness of the deposited powder layer depends on the charge of the
particles and residence time of the article in the high voltage field. The higher
the applied voltage, the thicker the powder layer. By changing the magnitude of
the electric field, one can vary the thickness of the coating over a wide range
(from 20 to 800 um). Practice has shown that the residence time of articles in
an icnized fluidized bed is 2 to 10 sec.

Manual devices and automated mechanical lines are used for electrostatic
spraying of polymeric materials.

A series of installations of mechanized and semiautomatic lines have been
developed in the Soviet Union. One of the most advanced industrial installatioms
for preparing polymeric coatings in an ionized fluidized bed is the "Raduga' type
mechanized line, which makes it possible to obtain coatings on both cold and pre- /225
heated articles.

Control of the lines involves automatic and manual operation, stepless varia-
tion of conveyer speed, and contrcl of the high voltage supplied to the bath,
residence time of the articles in the fluidized bed, and power of the fusing oven.

Flame spravini. In the flame spraying method, a stream of air containing
suspended particle: of powdered material is passed through the flame of a gas
burner. The polymer particles heated in the flame soften, fall on a prepared sur-
face, and fuse on it; on ccoling, a continuous polymeric coating is formed.

The temperature of the gas flame is 650-700°C or higher, and the speed of
travel of the polymer through the flame zone is 20-30 m/sec.

Polyolefins, polyamides, polyvinyl butyral, fluorcplastic 3, pentaplast, etc.
may be used for spraving. Most suitable for spraying are powders of polymeric
materials with 1 particle size of 0.10-0.25 mm. To obtain coatings of large thick-
ness on large-sized articles, it is best to use a powder with a particle size of
0.15-0.25 mm; for thin coatings, the size of the powder particles should be 0.10 om.

The preheating temperature of tne surface to be coated is given below for
certain polymers in °C:

EpOXY POLYHEES . csiusesmvsasasossssvasnasmassanss 139
Polyethylene cc.covsosssscovcvssos cessscessasesses 200
Polyvinyl ButyTal cocvvesosvins sesseessssesessenss &30
POLyasldus oo v voss e vaive s v sesseis venwe i veess 200210

-
teesase e teisesnss st e -

Fluoroplastic 3 ...
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The flame spraying method is best suited for applying polymers on large-sized
articles, and even coatings made cf inert polymers, for example polyethylene,
exhibit satisfactory adhesion. Flame spraying is performed with UPN-4 unics and
used mainly to seal off cavities, coat welds, ana seal joints and parts. This
method is used for coating storage battery containers, fans, pipes, parts of
pumps, etc.

The powdered material and combustible air-acetylene mixture are fed to the
sprayer burner by means of compressed air at 3-6 kgf/cm“.

The flame spraying method has not found wide application for the following
reasons: partial decomposition of the polymer during spraying and decline of the
physicomechanical properties of the coating; difficult sanitary working conditioms;
necessity of using equipment operating under pressure; low output; complex ccntrol
of the technological process of application of the cocating.

Preparation of coatings from suspensions. Suspensions are used to prepare /226
coatings based on polymers with a high temperature of transition to the visco-
fluid state, close to the degradation temperature. To eliminate coagulation, the
suspensions are stabilized with surfactants. The thickness of the coating depends
on the concentration and viscosity of the suspension. With increasing polymer
viscosity, the thickness of the coating increases, but an excessive thickness of
the layer promotes the formation of cracks. Suspensions prepared from fluoro-
plastics, synthetic rubbers, or pentaplast are used for the preparation of coatings.

The suspensions are deposited by dippgpg, pouring, or spraying. The air
pressure during the spraying is 3-4 kgf/cm<, and the distance of the nozzle from
the surface being coated, 30~40 mm.

Films obtained from a suspension based on pentaplast and fluoroplastics 3 and
3M, after the solveat is driven off in air, are fused at 200 % 10 and 270 = 5°C,
respectively. After the last layver has melted, the coatings are quenched with
water.

When the coated part is ccoled slowly, the polymer crystallizes, and a tough
solid coating is formed. Since the coefficient of thermal expansion of the coat-
ings is 8-10 times greater than that of steel, stresses decreasing the adhesion
to the metal are formed at the intarface on slow cooling. Quenching removes the
stresses formed at the interface; on rapid cooling, the polymer passes to an
amorphous, rubberlike state and forms elastic films resistant to impact lcads.

The amorphous coating crystallizes for 10-20 h at room temperature and is
transformed from a soft material vulnerable to mechanical damage into a strong,
tough material suited for service.

The formation of films of fluoroplastics 1 and 2M proceeds via the formation
of a gel whose drying requires a temperature of 80-90°C. The first and last
layer are fused at 250 = 20°C.

Films of fluoroplastics 1 and 2M are characterized by high demsity and uniform-
ity. Quenching promotes the formation of smooth lustrous films but is not an
obligatory operation, since the internal stresses during the formation of the coat-
ings are small.




Radiant heat method. The radiant heat method surpasses the flame methed in
all parameters, being more universal and highly productive. In this method, a
jet of powdered polymer is directed into a powerful flux of radiant heat rays,
where the particles of the material melt and are deposited at high speed on the
surface being coated. The polymer thrown onto the surface bonds with it, forming
a coating. Heating is carried out with NIX-200 quartz lamps.

A comparison of the efficiency of the radiant heat and flame methods in the
case of deposition of a polyvinyl butyral-base coating on steel is given in Table

97.
Table 97
Comparison of the efficiency of the radiant heat and flame methods /227
Method
Property
| ¥lame Radiant heat
. | ¢
adhesion, kgf/ca? _ 378 455 !
Consumption of material, kg/m* 1.04 0.76
Removal of powder (waste), % 36 -
Output, m%/h S 3.8
Energy consumption, kcal/m? 20,800 5400

It is characteristic that flame spraying gives a very loose, inhomogeneous
coating with a large quantity of microcracks and gas bubbles. Use of the radiant
heat method precludes such defects, since a homogeneous structure is formed.

Thus, the radiant heat method ensures a 25-307% lower consumption of polymer
powder; the efficiency of the method is 1.5-1.8 times greater than that of the
flame method. Moreover, application of coatings by this method may be carried
out in inert, explosive and inflammable media.

R !

Rubber coating. Rubber coating is a method of protecting a metal or other
surface from corrcsion and other attack by means of rubber. This method can be
used while simultaneously molding the rubber with metal fittings, gluing rubber
sheets, or applying liquid rubber-ccating compositions. The first method is most
commonly used for articles where the rubber coating, in addition to providing
protection from the working medium, also functions as an elastic element of the
structure. The second method is widely used for protecting various reserveirs,
tanks, and housings.

At Lo

For rubber coating, use may be made of high molecular nairit rubbers, as
well as special resin- and pastelike compositions based on nairits of low
molecular mass and polyurethanes. Leuconate glue and a chlorinated nairit primer
ate used to increase the adhesion of liquid nairit-base coatings to the surface
of metals and cther structural materials.

Rubber-coating compositions based on nairits are applied with a brush, bdv
dipping, or by spraying. Polyurethane compositions are applied by airless electre-
static spraying, since the use of air-type paint sprayers does not produce quality
coatings.
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Rubber-coating compositions applied at room temperature have optimum physico-
mechanical properties 14 days after application. To reduce the vulcanization time,
the coating may be heated for 2 h at 120°C after exposure to air. Ia anti- /228
corrosion protection of small parts, coatings 0.3-1.2 amm thick are used.

The coating quality is checked on the basis of appearance, thickness, adhesion
to metal, and continuity. The appearance is checked visually. This involives
checking for the presence of cracks, deprassions, irregularities, or blisters.

The coating film should be smooth and of uniform color. The color match is checked
by comparing with a standard.

The adhesive strength of the coating is checked on blank specimens coated
simultaneously with the article. The adhesive strength is determined by means of
the grid notching method in accordance with GOST 9754-51. When a millimeter grid
is applied, the coating should not peel off.

The continuity of the coatings is checked by using instruments based on
different principles and designs, i. e., electric spark and electrelytic flaw
detectors. The thickness of the coating is determined with various measuring
instruments, from simple micrometers to radioisotopic thickness gauges.
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CONCLUSION

At the present time, polymeric materials have become some of the basic
structural materials used in many areas of science and technology. In ship
machine building, polymeric materiais began to be used comparatively re-
cently - since 1959-50, so that the technical literature on this subject
is limited.

The present book makes an attempt to reflect the experience with the
use of polymeric materials in Soviet ship machine building.

Most widely used are hot-pressed epoxy glass plastics, since they com-
bine high strength and water resistance and permit fabrication of an arcicle
with a high dimensional accuracy and surface finish without additional
mechanical treatment. Epoxy glass plastics are used in the production of
ship propellers, fairings, fan blades and turbines. The authors present
experimental data obtained from many years of studies on the water, atmos-
rhere and erosion resistance, short-time and long-time strength of hot-
molded epoxy-glass plastics.

Among thermoplastic materials, the most detailad description is given
for caprolon, which is widely used for fabricating bearings and other parts.

A promising direction in ship machine building is the use of polymeric
coatings, the most frequenctly used of which is pentaplast, which surpasses
other polymers in water resistance and adhesion.

Extensive adoption of polymeric materials in ship building makes it
necessary to conduct a number of studies aimed at mechanizing and automating
the technological processes involved in the manufacture of the articles and
at developing reliable nondestructive methods of control.

The adoption of polymeric materials is determined by the progress made
in the chemical industry, which in the near future should master the produc~
tion of suchpromising materials as nigh-strength polyfunctional resinms,
polyimides, aad epoxyfluoroplastic films and lacquers equivalent in quality
to the best specimens of foreign polymeric materials.

The material pertaining to coatings was written on the basis of the
resulcts of studies and with the participation of V. F. Afonchenko.

M. A, Mirkin, L. S. Koretskaya and T. I. Tkachenko took part in the
studies of atmospheric and water resistance.
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