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it ) About 60 polyurethane - sodium chlorice composites were prepared. The con-
TN _ tent for materials filled with single fracti ranged from O to 55 per cente”

E - | by volume; the size of these fractions from 1% to 300 Ler’ Materials with a

content of 50 to 70 per centy’by velusC were made by using a alxture of a
coarse and a fine fraction.

For these materials, primary tensile creep and rupture properties, both at
various constantly high stress levels, were determined at room t']nperature.
Purther recovery after primary creep was investigated. The filled rubbers
showed a typical tensile creep pehaviour. related to the growth of vacuoles
in the material (de-wetting). Definite relationships were found between,

respectively: i
i
_ uniformity of creep over the gauge length ané content of filler; . ;

location of considertble creep on time scale and particle size as well a3
stress level; ] ’

shape of the creep curve and content of fiiler;

recovery behav_ic;ur and final strain during primary creep as well as
particle size; )

rupture stress and particle size, filler content and rupture time;
rupture elorzation and content of filler.

Generally, the processes of de-wetting, recovery and rupture were considerably
delayed by a decrease in particle size (reinforcement). The effect of de-

dar e

wetting on creep, much depended on the content of Ciller. &

I}

"y

e
!o«m-«d




W

R

Bl e D D N M D MR R el e

o

[==!

——

o

)

—t

Ewth

CENTPAAL LABCRATORIUFK THO

~ DEL¥T (Holland) - Report No. CL/66/61 - page 2

1. INTRODUCTION -

In the design of solid rocxec motors, great 1mportance is attributed to the
mecharical behdviour of solid propesiant grains. This is due to the Lfact-
that the presence or occurrence of cracks in the propellent during the igni-

tion stage may lead to irregularities in the buming process and to mal~
function of the rocket motor. Stress cracking in the propellant may ocour
during the storage ;=riod, as a result of shrinkage or of thermal stresses,
or during the combustion period, due to the action ol the combustion press-
ure or that of the acceleration forces,

For ‘he proper understanding of the behaviour of solid propellant grains
uL.er those circumstanzes, detailed knowledge of the mechanical properties
of highly filled elastomers is essential. The work described here, was
started to investigat. the influence of filler characteristics, such as
size, shape, content and surface treatment, on the mechanical behaviour of
the 21lled elastomers.,

To avoid complications in the prepraretiion snd handling of sauples, this in-
vestigation was performed on inert fillsd materials. The composite propel-
lant we have in mind, consists of poiyunthane mbber fil...ed with amponjum
perchlorate. The model materials invsstipted ccnaisted of the sams type of
rubber, which, however, was filled with sodium chloride. Of course, it is
realized tha® significant differences could exist between live and inert
filled materiais with respect to mechanical properties, especially to those
influenced by xubber—fiiler imracfim. It 1s, therefore, nlmd to nerify
general trends and cmclusions found for these polyunthme fsodim ghloride
composites, by investigating cther model materials and reel pml}.mﬂ at a -
later stage.

During this investigation, model substances were prepared on a kgesoals,
Only one type of polyurethane rubber was used throughout. It was £illed with
various amounts of several fractions of sodium chloride. The sist of these
fractions was varied betxeen 1 ym and 480 yum. The amounts could be varied
between O and 55 per cent. by volume, A filler eontant up to 70 per cent. by
volume could be obtained by using a bimodal filler, treated with & surfac-
tant, LE
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e RE & £1rst step, the thermo-mechanical properties of these model substances

Woera

W B ME) S e ey P B ey ot |

paen B e B

were investigated in dependence on temperature and frequency in the small
deformation region of linear response. A cohpréhensive discussion of the
influence of particle size and content of filler on shear moduli at 1 Hz,
thermal expansion and kulk modull, was giveh in preceding Technical
Heportsl)a)}), and in publicatignsu)5)6). Work is still in progrééé on Shear
and bulk moduli at high and vé;y low frequencies (wave propagation and tor-

sional creep), and will be reported later.

The small deformation elastic moduli and Poisson's ratio could be described
by a simple macroscopic theory (Frﬁhlich-Sack-Van der Poel). According to
this theory, the mecihianical propertics of the composite material are deter-
mined only by those of the pure filler and Einder, and the filler content.
Filler size slightly affected the results at very small particlc size

{« 30 um) only. Another important fesult is the invariance of the g-relaxa-

‘tion (glass-rubber transition) for content and size of filler.

A further step was the investigation of the mechanical properties of these
model materials in the non-linear response range, including its upper
boundary (ultimate properties), and of the applicability of knowledge of
the small deformation behaviour to this technically important region.

An experimental study was performed concerning the influence of particle
size, content of filler and stress level on tensile creep and rupture
properties at large deformations. Part of this work was described previous-
ly7), the completed programme will be discussed in this report. All creep
measurements were carried out at room temperature. An extension of this

work to other temperatures, as well as to the measurement of stress-strain

-.—dlagrams at various temperatures and strain rates all on the same materials,

is still in progress.
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MATERIALS

Preparation of polyuretharne rubbers

All samples of f3lled and unfilled polyurethane rudbbers prepared for tensile
creep measurements, w-re based on a linear (polypropylene ether)glyeol
(Desmophen 3600*) ) with a molecular weight of about 2,000. The rclecules of
this polyether were lepgthened with toluene diiscoyanate and crosslinked by
means of trimethylcl propane in the presence of a catalyst. Full details.
concerning the chemistry oil? tl\xe reosaration oif these rubbers were given in
previous Technical Reports )2’: they are nct repeated here. Neither do we
repeat a description of a systematic pethod for the preparation of highly
filled rubvers; this method was described in rdetail in tbe most recent

Technical Report! .

Sumwvey of the materials prepared; routine control measurecisents

The aim of the tensiie creep programme was to determine the influence of
filler characteristics on the tensile creep properties of sodium chloride -
polgnrethane composites by systematic variation of content, particle size
and particle size distribution of the filler. The inflwence of surfactants
should furthemmore te analyzed. .

A survey of the materials prepared for this tensile creep prograame is given
in Pig. 1 (general) and Table 1 (detailed). Polyurethane rubbers were filled
with 0, 10, 20, 30, 40, 50 and 55 per cent. by volume of single sodium
chloride fractions. The particle sizez of these fractions were: 210-300 pm
(£raction no. 2), 90-105 um (no. 4), 33-40 um (no. 6), 8-20 um (no. 7) and
<8pum (no. 8). Purther, six materials were filled with modal filler sub-
stance no. 9. This filler was a mixture, in a weight ratic of C5/35 of coarse
fraction no. 2 {210-300 um) and fine fraction no. 6§ (33-40 um). The riller
concentration of these bimodal filled materials ranged from 50 to TO per
cent. by volume.

Fig. 1 shows that many materials were made in duplicate or tﬁplicm. This
was done to investigate the batch-to-batch variability, or, in some ocases,

tc replace partly irhomogerneous beiches. Further, for most of the composi-

tions; meottln-atemlswaspmmdwifh, and another without, use of

the surfs=ctant Asoleotin ).

#) Farben Fabriken Bayer, leverkusen, Jermany.

##) Asolectin {Associated Cuncentrates Inc., Néw York), Filler substancs
ireated with a solutim of Asolectin in orof cru-methanol 2:1, followed
by drying in vacuo at #0 C.
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Details of each batch are given in Table l*). This table contains, for each
batch, the chemical composition of the prepolymer; the content of filler,
as calculated from the weights of the ingredients used, and as calculated
from the density; the size and the fraction number of the filler; the cca-
centation of surfactant, calculated a: weight per cent. with respect to
filler; the equilibrium swelling ratio (% vol. Increase) in twc different
solvents (chloroform and trichloroethylene); the density, d. Deiails of
these routine control measurements were given earliera) .

From fable 1 1t 15 seen that the chemical composition of the rubbery binder
was approximately the same for all samples nrepared (coiumns 2, 3, 4). This
uniformity of the binder reflected itself in ihe swelling data (columms 10,
11). From columns 5 and 6 we see that the differences between the volume
concentration as calculated from the weights of the ingredients used and zs
calculated from the density are smaller than 0.4 vol.% (except for samples
3600/123, 131, 133, 134, 225, 242 A and 202 A). Differences in this order
were found to be of no importance in the interpretation of the tensile creep
measurements.

*) See page 25
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EXPERIMENTAL TECHNIQUE FOR THE DETERMINATION OF TENSILE CREEP

The principled the measurement was as follows: A hanging specimen in the
form of a bar-bell, was subjected to a tensile stress by loading it with a
concuant weight. The square cross-section in the prismatic part of the
specimen was about 8.0 x 8.0 mm2, and its length roughly 250 mm. Time~
dependent tensile strain was measured by registration of the positicn of
well-defined marks on the specimen, with regard to a precision millimeter-
scale, parallel to it at a distance less than 0.5 mm.

The registraticn was performed automatically with a photographic camera sys-
tem. In most cases, photographs were made at 2, 4, 8, 16 ..... 2k, ete. sec-
onds after the beginning of the creep experiment. This series of observation
times is equidistant on a logarithmic time scale. By using three marks on
the specimen, at a mutual distance of 75 mm, the strain could be measured
over different pieces of its prismatic part. In this way, uniformity of
tensile creep over the gauge length was checked. Finally, rupture time was
measured by switching off a time counter by the falling weight.

All measurements have been performed in a temperature and humidity eandi-
tioned room (21 + 3 °c, rel. mum. 65 + 1 %). For these creep experiments,

the errors were less than:

0.2 % strain (absolute strain ercor);

0.1 % + 1 second in the elapsed iime;

0.02 hrs in the rupture time, if it exceeded 0.1 hrs;

+ 2 sec. in the rupture time, if it was smaller than 0,1 hrs;
0,5 % in the weight (stress).

Full details concerning the technique of grinding and further preparation

of specimens, automatic recording of strain and rupture time and the proce-

dure of the measurements were given previously7).
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4. THE RELATIONSHIP BETWEEN TENSILE CREEP, FILIER CHARACTERISTICS AND STREES

IEVEL

T ————

k.1, Tensile creep data of filled and unfilled rubbers

Two types of routine measwrsments have been performed: primery creep and
tensile strain recovery. Here we only present data of primery creep exper-

iments; those of the recovery measurements will be given and discussed in
Chapter 5. .

The ‘complete set of 195 experimental creep curves is giver. in Appendix I*).
Each figure gives creep curves under variovs high stress levels“) for one
or two materials with the same filler characteristics; however, ir some
cases differing in the amourt of surfactant used. As symbols for fracture
and unloading, respeciively cresses and arrcws were used. Subscript g of a
cross indicates that fractars was likely tc be premature, due to holes
visible In the fra:iure surface.

In view of the mastercurve representation discussed in section 4.5, it is
not necessary to have all the figures of Appendix I at one's-disposal. Only
three typical results, given in Figs 2, 3 anl 4, are presented in this
report; these three figures are sufficiently illustrative.

Figs 2 and 3 show tensile strein g vs time t under variocus high stress

levels for polyurethane rubbers 3600/108 and 3600/134, respectively. Material
3600/108 is an unfilled rubber, 3600/134 contains 50 per cent. by volume of
sodium chloride fraction no. 2 (210 - 300 um). Finally, Fig. 4 shows tensile
creep curves for polyurethane rubbers filled with various amounts of coarse
sodium chioride fraction no. 2 (210 - 300 um), under the seme stress level

of %.00 kg/cme. The meaning of symbols in Figs 2, 3 and U is the same as
discussed above.

k.2. Uniformity of tensile creep over the gaugs length; reproducibility of the

measurements witnl.a ous bateh

It is an important question whether the creep phenomena observed were uni-
form over the gauge length of the specimen, or not. If so, the strain should
approximately be the same at all places of tie specimen. If not, the mater-al
would be highly strained until rupture in one or more small regions, and

- It

#) Appendix I will be distributed on request.

*#*) Tn this report tensile stress 0 1s always calculated with regard to the
original cross-section of the specimen. Further, creep curves are always
plotted on & logarithmic time scaue,
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relatlively lcss deformed at other places of:tne specimen Clearly, this

non-unifermity would highly Lomplicate the 1nterpretation of tensile creep
. ﬂ : ;

data.

Ner-uniformity of tensile creep is illustrated in Flg 5. Tensile creep
curves are given for polyurethanﬂ rubbers filled with various amounts of -
sodium chloride frection no. & (33 - 40;lm) ~Symbols like dots, triangles
and rcetangles, denote strain values as found ‘over the entire gauge length.
Vertical bars indicate the differences between strain measured over the
upper and that over the lower half of the gauge length.

Fig. 5 demonstrates that non-uniformity chiefly occurred in the steeply
rising parts of thc creep curves. It increased with an increase of the con-
tent of filler. This behaviour was observeé'fbr all polyurethane rubbers
investigated, not only for those representéd\in Fig.: 5.

By analyzing all creep data available, we found that the non-uniformity was
loss than 1 to 2 % strain for materials wiéh a content of filler smaller than
%0 per cent. by volume. For materials filléd with 40 and 50 vol.%, strain
values lost their significance during the Steep ascent of the creep curve.
However, cnnsidcrable creep was present ané its location on the time-scale
was very well defiancd, due to tﬁe high val&éyof the slope (see Fig. 5).

For materials filled with 55 to 70 vol. %, creep phenomena became essentially
non-uniform. The. specimen showed creep only in small regions. The overall
strain of the specimen became smaller and smaller, the higher the content of
filler was. This is demonstrated by Fig. 6. It concerns polyurethane rubbers
filled with bimodal sodium chloride filler substance no. 9, a mixture of
coarse fraction no. 2 (210 - 300 um) and fine fraction no. 6 (33 - 40 pm).
Fig. 6 gives tensile creép curves for materials with a volume concentration
of 50, 60, 65 and 70 vol., %, all under the same stress level of 4.0 kg/cm .
Creep phenomena completely disappeared at a.filler content of 70 per cent,
by volume. As a consequence, we shall discuss the behaviour of this last
group of matcrials separately (see section 6.4).

Strictly speaking, the non-uniformity should be compared with the xeproduc-

ibility of the mecasurements for specimens originating from the same batch.
This, because upper and lower half of the specimen, compared for non-uniform-
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nﬂitx,- ecome from differant parts of the bateh, Just as do two different
“specimeps. fypical results for duplicate measuremerts wer: discuosed pre-
- - 7 - : . .

vioqgl:r)..{m— alsc Appendix I, PTigs 10, 18, 19, 36 and 28). It wes found

that the variabilicy of the results within one batch wad Of the same order
aa t.h«- dift’ex-cnces 1n cxeen botween upper and lower half of the gauge ].*-m:’ch°

It :{s still an unmswemd question whether nor-\miformity of 2reep eitnar

- - originstes f_mm the high value of the content of filler alone, -or also

depends cn the properties of The rubbery binder. A detaiiod discussion of
Whis hecm...oally important ques‘cion has been given previou iy by Bills and
Magand 8 « o obtairn some information, we compared the behav.our of our
materizls with that of "Model Substance R" *) .This isa polyurethane - potassium
chlorice ~ alum’mmm composite with a ccntent of filler ¢f 61 per cent. by
volume (52 vol. % XC1, 9 vol. % Al). Creep curves for this material are given
i Fig. 7. Essenf;ia.‘.ly non-uniform creep was cbserved, Just as for our
ufathd,v.ls with approximately the same content of filler. iflowever, this aues-
tion of non-uniformity of tersile creep is far from being clarified. It will
aeed further attertion. Especially such conditions as type of rubbery bindev,
apbient temperature and humidity should be varied systematically to obtain
adequate information.

3.3, The wechanism responsible for tensile creep; general structure of a primary

tensile creep curve

in the most recent Technical Report’i) it was chown that lhe tensile creeyp
phenomena cbserved were related tn vacuole formution in the material. These
vacucles are caused by stress concentrations in the vicinity of the filler
paxiicles. It is not sure whether these vacuoles were formed at the rubber-
filler intorface (de-wetting), or in the ruobery component itself (internal
eracking), or et hoth places simultaneously. However, we continuc ntify-
ing vacuole formation with ite somewhat obscure word "de-wetting”.

Dgﬁettmg is a destructive non-reversible phencmencn. Once de-wetted, the
mechanical vroperties of the wmaterial are permanently changed. This fact is
demonstrated Ly the results of a simple experiment, summarized in Fig. 8.
It cunceras a test on one and the same specimen of polyurethane rubber
3600/215 A, filled with 50 vol. % of sodiuvm chloride fractisn no. % (90 -
165 um). Pig. 8 is divided intc two subfigu~:3, the left one, Fig. 8 A gives

#) Rerojet Jensrzi, chtained through Prot . Frc .denthal {Columbia Universiuy,
New York). .
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sreep and. recovery curves in terws of strale ¢, and the right Qne, Fig. 8 Ba ]
‘givas creep curves in terms ox tensile complianoe e - f‘

The test consisted ‘of “various experiments carri=d out in successim:. ?ir‘:t;
the virginul specimen wsas subjected to the lcw stress level of 3.0 ks/qm2
{curve 1). No ccnsiderable creep occurred and the recovery was inscantaneous 7
and complete {curve i A). During this oxoeriment, “he materizi properties
did not chénge crecp and recovery curves reproduced when the experiment
was repeated (data not shown). We call this virginal siate of the material
the "non-dawetted” state. All srall deformation measurements reported ear-
1fer,had bzen performed when the material was in this ncn-dewetted state.

a ~*

P O e D ]

After this first part of the test, the material was subjected to a higher
ss level of 3.75 kzg/s m . Strain £ and compllance e/0 omsiderably 4n~- -
creased with time (ourve 2). Aﬁev unloading, rezovery was nct .nstantamws
(curve 2 A}, Finally, the srecumen was reloaded LYo the original low stress
level of 3.00 kg/cm2 {curve 3). Cospared with the original curve <t 300
kg/cmg, tbe compliance was incrrased over a factor of 10. It was in the opder

,
N - L -

. s L b BT WL A
B S5 SN Sa S SRR DI TS e

of the value at the vnd of the second cicrep experimnt (curve 2).

Tils bebaviour was not orly repzesentative for speciai meterial 3600/215 A,
% was found to be charecteristic for all the fiiled polyurcthane rubbers

investigated. Furtheimore tne Guration of tie experiment, short in Fig. 8,

did not influence tine pictur>. - - ‘

with this dc-wetting mechanism in mind, we constructed a goneral tepsile

. AL short times, the material is in the nem--
dewetted state. The low (comstant} sirxin level is zortrolled by the stress-
strain relationships corresponding to this ét&te. Fts mecbanieal propertie:
are discussed in cecticn Y.4. After some tine, de-wetiing becomes noticeable -
2s an invrease of straiu with time. The effect of tie de~wetting process on
strain, and its location on the time scale, will depend on stress level, size
and conkent of filler (sectionc 4.5 and 4.6), : .

creep curve as given in Fig.

The de-wetting dlsorganizes the material. It is possible that the rubbery
cinder cammect endure this, so that the specimen breaks scmewhere in the
steeply increasing part of the creel curve before de*%aettins is amylet—ag
This beheviour was actually found for all the materials investigated. Clesriy,
the rupture properties are, in this case, largely connected with the d;-
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~ wetling propertics 7(5\:6 6.2. end §.3,). However, wher. ile rubbery biudew :
stmxg ﬁnoug.h to cndure the :lisar'-gf nization due te de-wettwinm, a cmétarxu
i end level for the .;tra:m should be found- Luﬂttea lme ,p ﬁg. 9) As stated

ab:ve, A complotely de-wetted ster.e before rurture has never been founa for

our nterials. LT

3#.& "‘he mos haa.cm g*::perties _in_the non—dewc»ted state

The srall deferiation as well as the shord time *) tensile ¢ied measuizneats
~crrernad the non-devetited stete. It 43 an ink 2resting qguestion wlecher for
this non-grwetied state, stress—cirain relationships and tneir cdependence on
221ier characteristics for large deformeriuns cap be predicted from the zorre~-
sroncing knowleage about small deformation moduli. 15 cleck this. the relative
Yeung's w-dulus + E, of the Dun-dewstted material was calculaied ia two ways:
Firet, from small deformation shesr mcdulus G 2nd bulk modulus K, both at

21 UC; anid, seccndly . from the appreximately constant level of tensile creep
curves ahb short times,

Restits are piven in Fig. 10, where the relative modulus E is plotted vs
the marticle size ni ihe filler, witk the contont of fi;l.er as 3 pare.mcter.
Horizontel bars give values for E from tensile measuvements. The length of
the bars ~oriespends to the size width of the flller fraction. Small deforma~
tion woduli are given by éymbols like triangles etc.. placed st the logarith-
mic size mean of the corresponding {iller frectiors.

Frim Fig. 10 it is clear that hoth moduli fairly weil agrec with cachk other.
Conseqéently, ihe counstant strain (1eve1) at the beginning of tensile ecresp
curves can be predicted from small deformatior. moduli. We refer to previous
work™ 212)2)#)6) for a detailed discussion of the influence of filier character-
istics on these wmodvili,

%) Of ccarse, the time thet the material stay: in the asn-dewe’ted stete
deperds un “he stress level.

+) The relative modulus of a filled material ic Ske ratio of the mosulus of
the filled to that of the unfilied material. This relativo mrasure of tha
iafluence of the fiilcr waes intruduced to avoid complications dus to dif-
ferances in experirental conditions between shear, bnlz and tenslle neasure-
ments (rel. umiaicy).
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The wuifluence of the stress level on the development of tensile creep;

a_tame-stress shifiing procedure for data reduction

Tenrile creep curves of filled rolyurethane rubbers largely depended on t.hc
stress level; this i3 i1ilustrated by the set of reep curves under various
high stressas for material 3600134, xiven in Fig. >. We cbserve an enormous
influenze of *the stress level on the location of the creep process in time
scale. A chenge in stress from 2.0 to 3.5 kg/cm2 induced an acceleration by
a factor of 104. Howaver, we got the impression that the shape of the creep
curvee only slightly depended on the stress level. Furthernore, this depep~
dence almost vanished when creep curves were replotted as “ensile compliance
P vs the logarithm of time.

This fact, i.e. the shifting by variation of stress without considersble
change in shape, forms the basis of a time-sire shift procedure used for
daia reduction. It was presented previously, and could be explained by a
gqualitative theoreticai discussion 7) The procedure is analogous to the
well-kaown time-temperature reduction methodg) used for mechanical and di-
eleccrical relaxation data of amorphous polymers in the glass to rubber
trensition,

Fig. 11 demons*rates Sie method. I% concerns polyurethane rubber 3600/133,

filied with M ol. % of coarse scdium chloride fraction no. 2 (210 - 300um).

Tansile complisnce F 1s plotted vs log t. Pull lines are the experimental
curva.r., measured at various stress lavels.We choouse the stress o of 3.00
ka/an and the corresponding creep compliance curve as neferenees. Curvea
at other etress levels are then shifted to best overlep with the reference
curve. Those shifted crives are given in Fig. i1 as thin dotted lines. The
shift factors used, in decades of time, are noted above the arrows comnect-
ing origina) and shifted lines. A subfigure in Fig. 11 (top left) gives the
shift log & (o,oo) as a function of the stress o.

The usefulness of this procedure is measured by the maxisum width of the
strip in the compliance~time plane in which ail best overlapping curves are
situated. iIn Fig. 11, this maximum width is indicated by capital S. For
material 3600/133, this scatter S wss large. Mush better results were ob-
tained for other materials, We orly chose material 3600/133 to illustrate
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clearly in which manner S has been defined.

This methnd was applied to reduce all tensile creep dats of Appendix T. The

"true stress" form:la

F= c(l +¢& (1)
was used for the calculation of the compliance. Results are given in Figs 12-
18, Figs 12-16 present the mastercurves. Each figure concerns materials f£ill-
ed with the same amount of various sodium chloride fractions. The sequence of
the figures is that of increasing content of filler. Materials with different
batch nmumbers are distinguished from each other. The reference strecss 0 in

all figures is 6.00 kg/cm . Numerical data for scatter S are given in Appen-

dix II, Table II,6 for each mastercurve.

Shift-stress relationships are given in Pigs 17 and 18, numerical data in
Appendix II. Fig. 17 is divided into 5 subfigures, each concerning materials
filled with various amounts of the same fraction. Values for log a(o,oo) as
found for materials with different values of the content of filler are dis-
tinguished by different characters. From Figs 17,A to 17,E we observe no
systematic Influence of the content of filler on the shift-stress functions.
The absence of a large influence of filler size is illustrated in Fig. 18.
All data of Fig. 17 were replotted in this single figure. Values for
log a(o,0 o) as found for materials filied with different fractions are dis-
tinguished. The scatter in Fig. 18 is somewhat greater than that in each
subfigure of Fig. i7. The maximum deviations from the mean curve are about
oue time decade. However, compared with the total variation in log a(o,oo)
rom -7 to +4, this scatter is small.

Finally, we observed that the scatter S in the mastercurves, due to the time-
stress reduction was smaller than the batch-to-batch variability. This Justi-
fies the data reduction method. As a consequence, we shall further discuss
the influence of filler characteristics on the.development of tensile creep
by using these mastercurves only.
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The influence of size and content of filler on_the development of iensile

Prereeine,

The mastercurves of Figs 12-17 were replotied in Figs 10-2%. Now each fig~
ure concerns materials filled with various amounts of the same sodium chlo-
ride fraction. The sequence of the figures is that of increasing filler
size. The reference stress level again is 6.00 ks/cmz. Mastercarves for
materials of the same composition but different hateh numbers are not dis~
tinguished. Each curve gives the mean course of the creep curve for the _
corresponding filler characteristics.

We observe the influence of filler size from the first szt of figures (Figs
12-16) and that of the content of filler from ihe second set (Figs 19-23).
We make the following remarks:

(a) Creep rhenomena became more and more pronounced, the highér the content
of filler was; see for example Figs 4 and 21. This effect is comnected
with two others. First, the compliance Fu in the non-dewetted st&ée
largely decreased with increasing content of filler (see section 4.%).
Second, the mean compliance at break 'f?;; equalled the value for the un-
filled rubber within a factor of 2 for all materials investigated (see
secticn 6.4). Both facts are given in Fig. 24 for materials filled with
0 to 50 vol. % of coarse sodium chloride fraction nc. 2 (210 - 300 um).
The compliance range covered during de-wetting equals the difference
between 'E;; and F, (see Fig. 24). We clearly see from Fig. 2} that 1t
considerably increased with an increase of the content of filler. For
materials filled with other sodfum chloride fractions, analogoys results
were obtained. S

(b) T™he slope of the creep curves largely increased with increasing filler
concentration; this can be seen clearly from Fig. #. At a low cantent
of fili r, the creep curve was approximately a straight line vs log t
(see ¥_, 12). At a high content of filler, the creep curve consisted of
a constant strain (compliance) level at short times and a very steep up-
ward part just before break (see Fig. 16). This effect implies that the
logarithmic time interval in which mosi of the de-wetting occurred be-
came narrower, the higher the content of filler was. (Compare, for in-
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stance, Fig. 11 with Fig. 16) It is therefore possible tu define a
characterictic de-wetting tinme © for materials with a high content of

“filler. We define 1 as the time at which F reached the value of 0.025

h kg/cma, approximately halfway between non-dewetted state and break.,

(e)

We see from Figs 15 and 16 that the time interval in vhich most of the
de-watting ocourred lies arcund T and has a width smallevr than 0.5 to 1

"time decade. This was true for rubbers filled with 40 and 50 vol. % of

sodium chloride; T lost its significance for materials filled with less
than 30 vol. 4.

The lccation of considerable creep on time scale largely shifted to
shorter times with an increase of fiiler size (see Figs 12-16); the in-
fluence of filler content was much smsller (see Figs 19-23). A fucther
illustration of both facts is given in Fig. 25. For rubbers filled with
30, 40 and 5C vol. % of sodium chloride, characteristic de-wetting time
< is plotted vs particle size in a double logarithmic diagram. Again we
observe that t did not depend much on the content of filler; however,
the infiuence of filler size was very largs. From fine fraction no. 8
(¢ 8 um) *o coarse fraction no. 2 (210 - 300 um), T changed 8 to 9 de-
cades in time, This delaying effect of the smallest rarticles implies
reinforcement. This is demonstrated in Fig. 26. Stress O, necessary to
produce a T-value of 0.1 hrs is plotted vs the particle size of the
filler for materials filled with 40 vol. # of sodium chloride. Going
from coarse to fine fraction, we observe a reinforceme.at by a fa:tor of
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TENSIIE STRAIN RECOVERY

Part of the primary creep experiments were finished by unloading of the
specimen, After that, its vecovery was studied as a function of time.
Results are given in Fig. 27, and data about the corresponding primary creep
experiments in Appendix III. Fig. 27 is divided into 4 subfigures. Eack of
these concerns polyurethane rubbers filled with vartous amounts of the sane
fraction of sodium chloride. Note the nomenclature &' for strain during re-
covery.

Recovery curves, given in Fig. 27, were plotted in double logaritimic dia-
grams., In this way, we easily observe an important feature. All_the curves
of Fig. 27 are approximately parallel to each other. They can be superposed
by a vertical shift. This shift along the logarithmic strain scale mesns
division or multiplication on a linear scale. Conseguently, normalized
creep curves, obtained by dividing strain €' by its value at a charecteris-
tic time tl’ mst reduce to one single mastercurve.

The choice of t is arbitrary. We used a value of 1 h, and denote strain &'
at that time by sl The mastercurve is given in Fig. 28 ) Data concerning
different filler fractions are distinguished by different characters. The
scatter around this curve, representing the 30 recovery curves of Pig. 27,
turns out tc be 10 to 20 % (relative error). The mastercurve is independent
of size and content of the filler, and of the history of the specimen during
primary creep prior to recovery. This means that a recovery curve is com~
pletely dete-mined by the strain value ei at & recovery time of 1 h, Mdti-
plication of the mastercurve given in Fig. 28 by this parameter e{ results
in the actual recovery curve.

Consequently, we can restrict ourselves to ei for studying the influsnoe of

filler characteristics and history of the specimen on tensile strain recovery.

#) In practice we initially shifted all recovery curves to best overlap.
After that, we shifted the mastercurve obtained in this mammer to
be 1 at a recovery time of 1 h.
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This parsmeter ei is related to the history of the specimen and {o particle
size. This is demonstrated in Fig. 29, where 81 is plotted vs the contribu-
tion € a of de-wetting during primary creep. ed was calculated g¢s the dif-
ference between s at unlioading and strain €, in the non~dewetted state.
From Fig. 20 we observe distinct correlations between el and & d }‘ Within

1 to 2 & strain, el was proporticnal to €. However, the proportionality
constant el/é g depended on particle size. It was observed that the rccovery
after a cecovery time of 1 h was the more complete, thke larger the particle
size was. This means that, just as was found for primary creep (section 4.6)
and for rupture (section 6.3), also recovery was considerably delayed

for rubbers filled with the finest fractions. However, we believe that for
the case of creep and rupture and the case of recovery, the reasons for this
effect are different. At a later stage of this investigation it is planned
to return in more detail to the recovery behaviour of filled rubbers.

#) Somewhat better correlations could be found between &! and the contribu-
tion of de-wetting to the tersile compliance at unl + We restricted
ourselves to & 4 for simplicity.
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RUPTURE PROPERTIES IN REJATION TO FILLER CEARACTERISTICS

Data of rupture stress

Rupture stress, ob r’ depended on size and content of filler and on rupture
time, tbr' The experimental data varied frc . batch to batch and might be
influenced by the concentration of surfactant Asolectin. We investigated
the influence of all these variables by using a method illustrated 1: Fig.
20, It concerns polyurethane rubbers filled with various aumounts of coarse
sodium chloride fraction no. 2 (210 ~ 300 um). Rupture stress, O pm? is
plotted vs rupture time, tbr’ for various values of the content of filler.
We determined ¢,  for 4 fixed‘;'alueg of I‘br by ggaphical interpolatioa.
These standard values were 10 *, 10, 10" and 10 hrs. Figures like Fig.20
were eonstructed for all materials investigated, and the same interpolation
method has been followed.

Numerical results are given in Appendix IV. It was found that the influence
of surfactart Asolectin was in the order of the batch-tc-batch variations*).
We therefore neglected it and averzged all data avallable for materials of
the same filler characteristics.

The relatiorship between rupture itime and rupture stress

From the experimental results given in Appendix IV we derived 4 figures.
One of these is given in Fig. 31. Rupture stress, am,, is plotted vs con-
tent of filler, ¢, at various values of the Tiller size, &. The rupture
time for Fig. 31 was 101 hrs. Analogous results were obtained for the other
values selected for t, (10'1, 10° and 10° hrs). Rupture stress, O, , was
found to depend linearly on the logarithm of ruptiue time, tbr' This is
demonstrated by Figs 32 and 335 in the following way. We chose a rupture
time of 1 h as a peference. Oy at other values of tbx' could be found from
the corresponding value at the reference time, by adding a quantity s(tbr)‘

given in Fig. 32. In formula:

Oprltpp) = Gpp(1) + 8(t, ). 2)

#) Also for moduli at small deformation, no significant irfluence of sur-
factant Asolectin was found; see Report CL/65/88, Quarterly Progress
Report, March 1, 1965, through May 31, 1965,
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The result of this reduction method is given in ""13. 3. This figure con-

0 2

tains all superposed data for rupture times of 10 s 107, 10 and 10 hrs.

In Bg. 37 we observe 8 scatter in stress of sbout 0.25 kg/cm . ’l'h..s scat-
ter 1s 5 times smaller than the moximum valte of S(ty ) (1.25. kg/cm )} used
for the superposition.

The principal result of this superpositioa mechod Ig that we can now see
from Pig. 3 that the influence of size and content of filler on r&pture
stress 1s nearly independent of the influence of mpture time. This at

2 hrs (3 decades).

~1
lsast holds for the experimental time range from {0~ to 10

T™he fluence of size and content of filler on rupture stress

We clearly see from Fig. 35 that there exists a relationshin betuecen O P
th? cont:n. of filler, ¢, and the particle size, 8. For coarse fraction

co. 2 (210 ~ 300 im). g, . decreased monotonically with increasing content

of filler, ¢. For mate.ials filled with fractions with a size smaller than
about 100 pm, O showed a maximum at a content of {iller hetween 20 and 30
rer cent. by volume. Finally, we observe that for bimodal filled rubbers
#ith a content of ﬁl;.er exceeding 50 vol. %, G, ¥es approximately incepen-
dent of the content of filler.

The rupture stresses for the filled ruhbers could be higher than those for
the unfilled rubbers. This reinforcement became the more effective, the
smaller the particle size was. This is demonstrated by Fig. 34. The ratioc V¥
of the maximum stress Obr over Obr for the unfillel rubver is plotted vs
particle size. The reinforcement amounted to a factor of 2 for the smallest
particles. Note that the results given in Fig. 34 are nearly independent of
the rupture time. '

Finally, we plctted o, r e particle size O at various values of the content
of filler in PFig. 35. The value of tbr for this figure was 10 hrs. Resulte
shown in this figure are experimental data, without use of the reduction
methnd of formula (2), Results for other ‘ralues of t, can be found by uJsing
the shif't function of Fig. 32. We conclude from Fig. 35 that the particle
size is at least equally important for the ultimate strength of the filled
polyurathanes as the content of filler.
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For strain at break €pp? it was not poassible to construct figures like Fig.

~—"30, and to derive from those relationships‘between sbf' the filler charac-

teristics and the rupture time tbr' The épfead in the results was too large.
The same was found to be true for the compliance Fbr at break, defined by

Cbr o '

For =TT v 6,0 )
Therefore we used a rough measure for thesé two quantities. Al} experimen-
tal values of sbr for the various material% of the same filler characteris-~
tics, found for several values of the rupture stress, were averaged. This
results in an arithmatic mean E;;: In the same manner we found the mean F;;
for the compliances at break. From exper;mgntal evidence, i r and Br glve
the mean lcvels of both quantities for frapture between 10 - and 10 hrs.
Further it was observed that the actual vglues of SSr and Fbr dit not differ

more than a factor of 2 from &, and F;;Z ,

Results are given in Fig, 36 for E;;'and in Fig. 37 for 5;;; Both quantities
arc plottced on a logarithmic scale vs the content of filler. Results as
found for materials filled with different:sodium chloride fractions are
distinguished from cach other by differené characters. The dotted line in

Fig. 37 denotes the compliance Fu of the non-dewetted muterial.

For fillcr‘c?pqgntrations sma}ler than 50 vol.- %, ebr and Fbr did not vary
more than a.factor of 2 with a change in the content and the size of the
filler. However, for filler contents exceeding 50 vol. %, both quantities
drop over about 1.5 decade., This considerable decrease in E;;'dnd ﬁ;;
probably will not be due to the bimodality of the filler but due to the high
filler concentration. This because the "bimodal" point at 50 vol; % 1lies
between the points found for "unimodal" filled rubbers and the "unimodal"
poinc¢ at 55 vol. % lies between the "bimodal" points at 50, 60, 65 and TO
vol. %.

‘The reason for this strong decrease in the ultimate strain and compliance
with increasing fillcr content is as follows} For highly filled rubbers, the
specimen creeps non-uniformly (section 4.2). There is only de-wetting follow=-
cd by rupture in small regions., The total strain of the specimen remains small
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and becomes approximately equal to that of the non-dewetted material. This
can be seen from Fig. 37. Consequently, for rubbers fllled with 65 and 70
vol. % of sodium chloride, Fbr equals Fu' We thus find that non-uniform

creep 18 the reason of the large decrease in ultimate strain.

This behaviour of highly filled polyureﬁhane rubbers helps us to predict
the compliance F;; at break. As ?;;'equéls the compliance F, of the non-
dewctted material (sce Fig. 37) and Fu equals the value as found from small
deformation measurements (see section 4.4), we can consequently predict f;;.
The only variable not known is the time of break tbr' Its dependence on the
stress level and filler characteristics will be investigated extensively in

o

a later stage.

Further it is an unsolved problem how to predict shear modulus G, and also
Young's modulus E, for these highly bimbdal filled rubbers. As mentloned
previouslyé), actual values for G differed 50 to 10C % at a content of

70 vol. % from the values as predicted by Van der Poel's theory from filler
content only. A revised theory, taking into account the bimodality of the
filler, i.c¢. the mixing ratio of coarse to filne fraction, is in development.
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1,

CONCLUSIONS

Polyurethane rubbers fllled with O to 55 pex cent. by volume of single
sodium chloride fractions cou;d be prepared The size of these fractions
rangcd from 1 to 300 um, Materials containins 50 to 70 vol. % could be
made by using a filler with a bimodal sizejdistribution.

A semi-automatic method was developed f@r tne determination of tensile
creep, tensile strain recovery and ruptﬁre'properties under high con-

stant stresses, at controlled temperature of 2l + 3 C and relative

humidity of 65 + 1 %.

The strain within the gauge length of the specimen was uniform for poly-
urethane rubbers filled with 40 per cent by volume or less. Non-uniform-
1ty increased considerably when the filler content exceeded S0 vol. %.
Essentially non-uniform creep behaviour was.found for rubbers filled with
65 and 70 per cent. by volume.

The variability of creep properties wasimuch smaller for specimens from
the samc batch than for specimens from different batches of the same com-
position. This batch-to-batch variation was smaller than the differences
between materials differing one step in the experimental series of values
for th¢ content of filler (O, 10, 20, 30, 40, 50, 55 vol. %) or for the
particle size of the filler (210-300 pm, 90-105 um, 33-40 um, 8-20 um,
and < 8 um). :

Tensile crecp phenomena observed could pe related to vacuocle formation
in the material (de-wetting). At shorttimes, the material was in a non-~
dewetted state. After some time, de—wetﬁing became visible as a monoton-
ical 1increasc with time of strain and compliance. Mostly the de-wettihg
procvss was interrupted by break of the‘specimen. An obvious énd level

for strain a2t long times was never found.

De-wetting is a destructive, non—reversible phenomenon. Once de-wetted,
the mechanical properties of the material have permenently changed.

The tensile properties of the non~dewetted material could be predicted

from small deformation moduli.
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8.

10.

Creep compliances, relating to the same material under various stresses,
could be reduced to a sinéle mastercurve by a time~-stress shifting proce-~
dure. The time-stress shift functions turned out to be independent of

content or size of the filler.

The'position of the de-wetting proceés'&n the time scale largely depend—
ed on size and slightly depended on cbntint of filler. The change in
strain induced by de-wetting, ed’ co&ﬁiderably depended on content and
slightly depended on size of filler.:!

When all tensile strain récoVery curves were normalized, i.e. divided

by the strain value 81' at a recovery 'jtime of 1 h, all experimental points
lie on one single mastercurve. This mastercurve was independent of
sizu'and content of filler and of the conditions of the primary creep ex-
periment preceding the recovery. Strgin ei was proportional to the con-
tribution ea of de-wetting to the strain during primary creep. However,

ei/bdf the fraction of the strain not recovered after 1 h, much increased

with decreasing filler size, i.e. the recovery was delayed for the small

particles.

11 .Rupture stresses, obr’ depended on size and content of filler, and on

12,

13,

rupture time. The influence of filler characteristics on rupture stress
was independent of the influence of rupture time on rupture stress. For a
coarsc filler (2:0-300 pum), cbr decreased monotonically with increasing
content of filler, for finer fractions a maximum value for Ckr was found
at a filler content of abcut 25 vol. #%. This reinforcement amounted to
100 % for rubbers filled with the finest fraction (< 8 pm). Further,
there was a slight, linear dependence of rupture stress on the logarithm

of rupture time.

For highly bimodal filled rubbers, rupture stress was found to be inde-
pendent of the content of filler.

The strains and compliances at break did not vary more than a factor of
2 for rubbers filled with less than 50 per cent. Ly volume. For higher
f1ller concentrations, rupture compliances dropped over 1.5 decade.
Values equal to thoéc of the non-dewetted material were rcached at a
filler content of 65 to 70 vol. %. The reason for this effect was the

non-uniformity of creep.
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Table 1 Compositlon and properties of NeCl filled semples ”

1 2 T3 4 5 6 7 8 9
sample r:o. | composition prepolymur | filler content fraction|NeCl-filler|surfactant
g/100 g polyether vol. % NaCl No. |particle concentra-
Desmophen 3600 size tion
from from (weight %
™1 TMP DB ingredients| d Lm on NeCl)
3600/108 20.4 L.0 1.5 - -
..} 3600/221 19.7 k.0 - - - - .
3600/138 20.4 4.0 3.5 9.8 9.9
3600/123 20.4 4,0 4,0 19.5 20.3
3600/131 20.4 Lo 3.5 29.5 30.2
3600/133 20.4 4,0 2.5 39.6 40.4 :
3600/222 19.7 4.1 3.0 39.5 39.9 2 210-300
3600/230 A 19.8 4.0 2.5 39.6 39.6 | : 0.11
3600/134 20.4 4.0 2.0 49.6 51.1
3600/223 19.7 4.1 2.0 49.7 50.0
3600/231 A 19.7 4.0 2.0 49.7 4.5 0.11
3600/176 - 19.7 4.0 1.5 54.8 54.0
3600/177 L 19.7 4.0 1.5 54.5 54.4 0.55
3600/203 A 19.7 4,1 2.0 54,7 54.9 0.02
3600/204 19.8 5.1 2.0 54.7 54.9
2600/210 19.7 4,1 3.0 19.9 19.9
5600/211 19.7 4.1 2.0 29.8 29.9
3600/214 A 19.8 4,1 2.0 29.8 29.8 0.04
3600/212 19.7 4.1 1.5 39.9 39.7 4 90-105
2600/216 A 19.7 4,1 1.5 39.8 39.8 0.04
3600/213 19.7 4,0 1.5 49,8 hg,4
3€00/215 A 19.7 4,1 1.5 49.8 49,7 0.04
e = - b s s e e o e o m e e e [ S AP [P NSNS SN SO } e e
3600/164 19.7 - ], 4.0 3.0 9.8 9.8
3600/217 19.8 4.0 3.0 9.8 9.7 6 33-40
1

#) At 20 °C except as stated otherwise.

A = Azolectin . ... . L = lLecithin
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1

Composition and propertles of NaCl filled samples prepared

5 ) 7 8 9 10 11 12
filler content fraction|NeCl-filler|surfactant swelling 23 ° d*)
vol. % NaCl No. |particle concentra~{(% vol.increase): (g/crn})

size tion
- from from (weight % |chloro-| trichloro
ingredients| d Bm on NaCl) |[form ethylene

- - - - 52 310 1.0715

- - - - 383 292 1.0722

9.8 9.9 396 200 1.1792
219.5 | 203 402 304 |1.2928
29.5 30.2 394 305 1.4016
39.6 40.4 410 310 1,5140
39.5 39.9 2 210~300 370 282 1,.5092
39.6 39.6 0.11 391 291 1.5068
49,6 51.1 310 301 1.6309
49.7 50.0 365 273 1.6200
49.7 49,5 0.11 385 . 295 1.6155
54.8 54.0 324 256 1.6865
54,5 54.4 0.55 376 285 1.6689
S54.7 54.9 0.02 385 285 1.6744
54.7 . 54.9 340 265 1.6740
19.9 19.9 365 281 1.2902
29.8 29.9 345 265 [1.3996
29.8 29.8 0.04 386 293 1.3988
29.9 39.7 4 90-105 389 294 1.5070
39.8 39.8 0.04 381 - 297 1.508%
49.8 i 49.4 370 276 1.6142
49.8 49,7 0.04 385 287 1.6170
9.8 9.8 380 201 1.1797
9.8 9.7 6 53-40 378 289 1.1787

se
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Table 1 (Continued)

1 2 3 I 4 ! 5 6 7
sample no. composition prepolymer filler content (fraction|{NaCl-fg
/100 g polyether vol. ¥ NaCl no., partidd
Desmophen 3600 — size @
from from
TDI T™P DB ingredients) d
1 2600/166 | 19.7 | %.0 | 2.0 19.7 19.6 |
3600/218 19.7 4.0 2.0 19.8 19.8
3600/168 19.7 4,1 1.5 29.8 29.7
3600/219 19.7 4.0 1.5 29.8 29.9
3600/239 A 19.7 Lo | 1.5 29.8 29.4 6
3600/170 19,7 4.0 1.5 39.8 39.7
3600/175 19.8 4,0 1.5 39.6 39.7
3600/240 A 20.1 4.0 1.6 39.8 39.7
3600/220 19.7 4.1 1.5 39.8 39.9
3600/205 A 19.7 4.1 1.5 39.8 39.6
3600/206 A 19.7 .1 1.5 49.8 4g.5
3600/178 19.7 4.0 ‘3.0 9.7 9.9
3600/224 19.7 4.0 3.0 10.4 10.6
3600/232 A 19.7 4.0 3.0 9.8 9.5
3600/180 19.7 4.0 2.0 19.8 19.4 7
3600/225 19.7 4,2 2.0 19.9 18.2
3600/233 A 19.7 4,0 2.0 19.8 19.8
36007181 19.6 4.1 1.5 29.9 29.8
3600/234 A 19.7 4.0 1.5 29.8 29.7
3500/235 A 19.7 4,0 1.5 29.8 ; 39.7
- B R R S, SRS RES.
3600/185 19.7 4.0 3.1 9.9 1 9.7
3500/236 A 19.7 4.0 3.0 2.8 9.8
3600,/190 19.7 4.0 3.0 9.9 9.7
3600,18% 19.7 L,0 2.0 19.8 i 19.8 3
3600/237 A 19.8 4.0 2.0 19.8 119.8
=600/183 19.7 4.0 1.5 29.7 29.7
3600/238 A 19,7 L o) 1.5 29.8 29.7
2E00/191 L 19.7 4,0 1.5 39.8 39.5
3600/208 A 19.8 4,1 2.0 4o.7 49.8 9 6
3600/241 20.1 4,0 2.0 50.0 49,8 35
| 3600/209 A 19.8 4,1 1.4 59.8 59.6
3600/242 A 20.1 4,0 1.5 64.8 6.2
3600/202 A 1.8 4.1 1.5 70.0 69.3
3600/207 A 19.7 4.1 1.5 70.0 69.6

*) At 20 °C except as steted otherwise.
A = Asolectin L = Lecithin
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A (Continuza)

5 6 7 8 9 10 11 12
filler ccntent jfraction|NaCl~filler|surfactant| swelling 23 °% d*)
vol. % NaCl 10, particle concentra-|{(% vol. increase) (g/cm})

size tion

from from (weight ¥ |chloro-|trichloro

B crodients|  d Jam on NaCl) {form ethylene

19.7 19.6 | 370 282 1.2871
19.8 19.8 365 276 1.2890
29.8 29.7 365 277 1.3980
29.8 29.9 360 268 1.3995
29.8 29.4 6 33-40 0.05 380 273 1.3944
39,8 39.7 341 265 1.5070
39.6 i 29.2 57 261 1.5036
39.8 ! 39.7 0.05 378 266 1.5089
39.8 39.9 356 265 |1.5090
39.3 29.6 0.1 377 278 1.5061
49.5 k9.5 0.05 383 281 1.6144

N S -

gL TR 9.9 363 271 1.1804
10.4 10.6 362 274 1.1878
9.8 9.5 0.05 372 281 1.1766
19.8 19.4 7 8-20 367 279 1.2854
19.9 18.2 _ 265 275 1.2710
19.8 19.8 0.05 372 275 1.2896
29.9 l 29.8 331 2€0 1.3990
-29.8 ; 29.7 0.05 367 265 1.3982
29.5 t39.7 0.05 371 261 1.5079
_______________ | SN NSRRI SRR I SNSRI S

9.9 T 9.7 351 270 |1.1783

9.8 . 9.8 0.06 370 217 |1.1796

9.9 | 9.7 339 261 |1.1782

16.8 1 19,8 8 <8 336 262 1,2888
19,8 . 19.8 0.06 360 256 1.2892
29.7 ©29.7 340 264 1.3977
29.8 | 29.7 0.06 355 2%  |1.3984
39.8 39.5 1.9 403 308 1.5058
49,7 49.8 9 65:210~300 0.02 374 276 1.6182
50.0 | 49.8 35: 33-40 310 245 [1,6188
59.8 59.6 0.02 375 278 1.7258
64.8 64.2 0.02 315 235 1.7766
70.0 69.3 0.02 348 266 1.8321
70.0 69.6 0.02 349 266 1.8246
rvice

8 thin
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IEGEND TO FIGURES

¢ ) Fig. 1.

Pig. 2.

Fig. 3.

Fig. 4.

Fig. 6.

PFig. 7.

fig. 8.

Survey of the materials prepared and invesiigated for tensile creep
properties,

“ensile creep under various high stress levels and tensile strain
recovery for unfilled polyurethane rubber 3600/108; temp. 21 °c;
rel. hum. 65 %. .

Tensile creep under various high stress levels for polyurethane
rubber 36C0/134, filled with 50 vol. % of sodium chloride fraction
no. 2 (210 - 300 um); temp. 21 °C; rel. hum 65 %.

Tensile creep for polyurethane rubbers filled with various amounts
of cvoarse sodium chloride fraction no. 2 (210 - 300 um) under the
stress level of 3.00 kg/cma; temp. 21 °C; rel. mm 65 %. The curve
shown for the unfilled rubber was interpolated from results given
in Fiz, 2.

Tensile creep curves for several materials as measured over different
parts of the spec’men. Symbols concern strain values as found over
the entire gauge length. Vertical bars denote the differences between
strain values found over the upper and lower halves of the gauge
length.

Temp. 21 °C; rel. hum. 65 %.

Tensile oreep for polyurethane rubbers filled with 50, 60, 65 and
70 vol. % of bimodal soaium chloride substance no. 9 (210 - 300 pm,
33 - 40 pm) under the stress level of 4.0 kg/cmz. Temp. 21 °C; rel.
hum. 65 %.

Tensile creep under various high stress levels for "Model Substance
B", a polyurethane rubber filled with 52 vol. % XC1 and 9 vol. % Al.
Temp. 21 °C; rel. hum. 65 &.

Mechanical test series of specimen 3600/215 A, no., 5, containing
50 voi. % of sodium chloride fraction no. 4 (S0 - 105 pm); temp.

21 °c; rel. mm. 65 %.

Curve 1 : tensile creep of the virginal specimen under the stress
’ level of 3.00 kg/cma, unloading after 0.O44 hrs.
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Fig. 9.

Fig. 10.

Fig. 11,

Curve 1 A : recovery stopped after 0.24 h.

Curve 2 : tensile creep at a high stress level of 3.75 kg/cma;
unloading after 0.2 h.

Curve 2 A : recovery stopped after 5.55 h.

Curve =% ¢ tensile creep under the original low stress level of
3.00 kg/cma; unloading after 0.1 h. )

The experiments were performed cne directly after the other.
Schematic tensile creep curve for a filled polyurethane rubber.

Relative Young's modulus E_ of non-dewetted materials vs particle
size; content of filler as parameter. Horizontal bars glve Er cal-
culated from tensile creep measurements. Characters like circles
etz. denote Er’ calculated from small deformation shear measure-
ments reported earlierg)n)s) .

Temp. 21 °C; rel. rum. 65 & for tensile creep and O ¥ for shear

measurements.

Illustration of the time-stress shift rrocedure on creep data of
material 3600/133, filled with 40 vol. % of NeCl fractioa no. 2
(210 - 300 um); temp. 21 °C; rel. rum.65 4.

Full lines represent the original creep compliances; thin dotted

. lines the shifted creep compliances; the dashed line is the master

Fig. 12.

curve.

Tensile compliance F vs time for polyurethane rubbers filled with
10 per cent. by volume of various sodium chloride fractions.

Temp. 21 °C; rel. um. 65 %; reference stress level g = 6.00 kg/cmg.
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Fig. 123, Dittc but 20 per cent. by volume.
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225/233 A
218

166

210

123

Fig, 14. Ditto but 30 per cent. by volume.
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234 A
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239 A
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Fig. 15. Ditto but 40 per cent. by volume.
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Fig. 16.

Fig. 17.

Pig. 18.

Fig. 19.

Pig. 20.
Fig. 21,
Fig. 22.
Fig. 23.

Fig. 24,

Ditto but 50 per cent. by volume.
1 : 206 A

213

215 A

134

2 223

: 231 A
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Time-stress shift relationship for tensile creep of polyurethane
rubbers f£illed with various amounts of severel sodium chloride frac~
tions,

A : no. 8 (¢ 8ym)

B:no. 7 (8 -20um)

C:no. 6 (33~ 4oum)

D . no. 4 (90 - 105 um)

E : no. 2 (210 ~ 300 um)

Reference stress o, = 6.00 kg/cma; temp. 21 °C; rel. rum. 65 %.

Time-stress shift relationship for tensile creep of polyurethane
rubbers filled with various amounts of several fractions of scdiup
chloride. Reference :trese g, = 6.00 ks/cmg; temp. 21 %; vel. tum.
65 %.

Tensile ccmpliance F vs reduced time for polyurethans rabders filled
with various amounts of sodium chloride fraction no. 8 (¢ Spum};
temp. 21 C; rel. hum. 65 % reference striss o » 6.00 kg/ea’a‘

No. 7 (8 - 20 ) ditto -
No. 6 (33 - 40 n) dltto
No. 4 (90 - 105 jur) ditto
No. 2 (210 - 300 um) - ditto ’

Compliances F_ and 'l'?'b_, respectively for the non-dewetted stats ang
at break, vs the cantent of filler, for polyurethane mhbara filled
with sodium chloride fractiom no. 2 (210 - 300 m). Temn. 21 c.
rel. hum 65 %; E‘ p 90fined according to section 6 5,
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Fig.

Fig.

Pig.

Mo mamereor o o a7 5

Fig.

Fig.

Fig.

Fig.

26.

27:

pr s

Fig. 25. Characteristic de-wetting timé ﬂa vs particle size for polyurethane

rubbers filled with 30, 40 and 50 vol. % of various sodium chloride
fractions; temp. 21 C' rel. hum. €5 %; stress level O = 6.00 kg/cmg.

Stress level O, necessary to prodace a characteristic de-wetting
time of 0.1 h, vs the partiele size for polyurethane rubbers filled
with 40 vol. % of various sodium chlorlde fractions; temp. 21 C,
rel. hum. 65 4. :" o

Tensile strain €', during recovéry vs log. time for materials filled
with various amounts'of’severalEsodium chloride fractions.

A : no. 8 (¢ 8um)
B:no. 7 (8 -20um)

C : no. 6 (33 - 40 um)

D : no. 4 (90 - 105 um)
Temp. 21 °C; rel. mum. 65 %

. Numbers written near each curve indicate batch and specimen. For

28.

each specimen, the correspondiné‘primary creep data are summarized

in Table ITI,1 of Appendix III.

Normalized recovery strain e'/el' vs log. time for polyurethane rub-

" bers filled with several sodium ¢hloride fractions.ei denotes the

29.

30.

31-

32.

strain at a recovery time of 1 h. Temp. 21 0C; rel. hum. 65 %.

Strain €&! at a recovery time of 1 h vs the contribution €, of de-

1
wetting to strain at unloading. Temp. 21 °c; rel. hum. 65 %

Rupture stress Opy VS ruvpture time t ,. for polyurethane rubbers
filled with various amounts of coarse sodium chloride fraction no. 2
(210 - 300 um). Temp. 21 °C; rel. rum. 65 %.

Rupture stress cb , necessary to produce rupture after 10 hrs as a
function of content and particle size of the filler. Temp. 21 C,

rel. hum. 65 %.

Time-stress shift relation S(tbr) for polyurethane rubbers filled
with various amounts of different fractions of sodium chloride.
Reference rupture time 1 h; temp., 21 oC; rel. hum. 65 %.

i

S v e



o : [ N et )

CENTRAAL LABORATORIUM TNO - DEIFT (Hollaﬁc{) ‘= Report No. CL/66/61 - page 32

Fig. 32. All data of rupture stress, shifted to a reference rupture time of

;ﬁ 1 h, plotted vs content of filler. Temp. 21 °c; rel. hum. 65 4.
The quantity plotted on the ordinate is o, (1) from formula (2).

,t"}

Fig. 34. Reinforcement factor vV Vs particle size of the filler, 6.
Temp. 21 °C; rel. hum. 65 %. :

H

Fig. 35. Rupture stress cbr vs particle ;ize O of the filler for various
] for this

values of the fillerrconcentratién; Rupture time tbr
figure was 10l hrs. Temp. 21 oC;'_rel. hum. 65 %.
SRS §
Fig. %6, Average rupture strairxebr,vs cbntent of filler for polyurethane
rubbers filled with various sodium chloride fractions. Temp. 21 C,
rel. um. 65 %. 5-5?

i»

Fig. 37. Average rupture compliance F br vs content of filler for polyurethane

'rubbers filled with various sodium chloride fractions. The dotted
line is the compliance Fu of the‘ngn-dewetted material. Its strange
course for filler contents higher than 50 vol. % originates from the
bimodality of the filler (a mixﬁure of 65 % coarse and 35 % fine

particles). Temp. 21 °C; rel. hum. 65 %.
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CodlUE L LIBURATORIVE 12 - DELFT {Hollend) - Report Ne. CL/G6/Gl =~ page 73

APPENDIX 1T

NUMERICAL DATA CONCERMING THE TTME-STRESS REDUCTION

Taples IT.1 to II.D summarize numerical data for the time~stress shift for
all maverials of which creep curves were reduced to master curves (see sec-
tion 4.5). Each table concerns materials filled with various amounts of the
same scdivm chloride froction. The first {upper) row gives filler size, the
cond filler conteni, the third the batch number. Values for the time-stress
chift log a(o,o ) are given in time decades as a function of the stress level

O. The reference stress level g, in these tables is 6.00 kg/cm .

For several materials ne creep curves at the reference siress o = 6.00 kg/cm2
viere available, For these materials, initially another reference stress cﬂ

was chosen, These levels are indicated in Tables ITI.1 to II.5 by a cross at
the shift number belonging to this sress cg. For instance, a level oO =

=.00 kg/cmg was used initially as referenc2 for materials filled with frac-
tion no, 2 {210 - 300 um); see Table IT.l. Afterwards, the shift data were
transposed to the refercnce level 0, = 5.C0Akg/cm2 by adding a factor found

Uy inteér- or extrapolation of the shift function.

Table II.6 gives namerical dazta of the masximum scatier, S, of the shifted
experimental points, around the master curves ‘see section 4.5). S, concerning

Figs 11~-15 and Figs 15-22, is given is scale-units. 1 scale-unit for these

figures equals 1.5 mm.



%
; . CENTRAAL LABORATORIUM TNO - DELFT (Ho:iland) - Report No. CL/66/Gi - page 34
Table II.1  Time-stress shift log a(O.OO); Oy = 6.00 kg;/cm2
f§ 210 = 300 ym
- |
- o 10 20% |20 % 4o & 50 %
34 2]~ '
v kg/cm 158 123 | 131 133 122 | 2304 | 134 223 1231 A
“ 2.0 - x) L= x) - x) - x)‘ -5.96 | ~6.69
’ 2.5 -5.69 |-5.65 -5.41 | -5.48 |-5.39
* *
- 5.0 |-2.50" |k .50%) | 50" )| 4 50™ ) | 450" ) | 450" )| 50 50" ) | u 50
s 3.5 -3.20 |~3.55 |[-3.57 ~3.50 -%.82
H L0 |-1.7  |-1.96 2.76 |-3.05
§ 4.5
3 5.0 |-1.1
5.5 | !

Tabl: II.2 Time-stress shift log a(c,oo); g, = 6.00 kg/cmd

9C ~ 105 pm |
3 40 ¢ 50 %
Pg/cm2 !
i 210 211 214 A j 212 216 A | 213 215 A
+ ;
- - 5.0 | “4.34 1209k | =470 1-BL5S
3 (-2.78 |-3.16 [-3.09 |-2.51 {-3.50
4, -2.00 -2.09 -2.14 I-1.92

~—
~

I-1.50 -1.50
-1.00 |-0.84 | -1.08
~0.50 1-0.54% |-0.64
| 0.00 | 0.00
0.45 0.68*)

O 1o (;‘.

v

Q
o
<
TA
\
o
[

[©2 N0 R
wm O oV

7.0
7-5 1.56

2

¢

%) eresp curves not used for time-stress reduction
*#) initial rererence stress OC'\
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Table I1.5 Time-stress shift log a(o,do); o, = 6.00 kg/cm"2

33 - 40 um

o 10 % 20% | 0% | 40 % 50 %
keg/em™ |\ e | 217 166 | 218 | 168 219 {239 A| 170 [240 A| 220 |205 A| 206 A
4.0 -2.52
L5 : -2.65
5.0 ~1.22 -1.40{-1.77/-1.22| -1.48 -1.18 ~1.35| =2.11
5.5 |-0.82 _ © 1-0.80 -1.13 |-0.52| -0.8
6.0 0.00 | 0.00{0.00] 0.00{ 0.00{ 0.00! 0.00| 0.00| 0.00| 0.00 | 0.00
6.5 : 0.53 | 0.43] 0.5
7.0 | 0.91 ] 0,75,0.60| 1.04} 1.18] 0.81! 0.58 1.00
7.5 1.32 1.11 1.68 Sl
8.0 1.43 | 1.00{1.50| 1.38] 2.00! 1.60 :

H i

Table II.4 Time-stress shift log a(o,co); o, = 6.00 kst/cmz

r/ 8 - 20 um
o 10 % | 20 % ? 30 X 50 %
kg/em™ 1 oe T ooy lese a : 180 225 | 233 A | 181 234 A 235 A
5.0 ~1.00 ’
5.5 S
6.0 0.00 0.00 0.00 0.00
6.5 l 0.50%)
7.0 0.97
7.5 1.00 | 1.18 | 1.30 |1.25%) 1.25%) 1.60
3.0 2.48
8.5 2.09 12.90 2.00")|2.06 2.74
9.0 3.40 3.28
i 9.5 | 3.50 |3.25 4,08 i
1 i ; i

i i il

el i b
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Table I1.5

Time-3tress shift log a(o,oo); o

0

= 6.00 kg/cm2

< 3 pum

0%

20 %

30 %

do %

185/190

236 A

186

=37 A

188 238 A

191 L

10.0
10.5
11.0

0.00

1.12 -

1.64
2,48
2.90

=0.57

0.90

0.00

0.48
0.88

1.66

2.5

3.11

-0.92

o.48")

2.5%

-0.22
0.00
0.34

*)
0.92 | 0.93

2.47

-0.48

0.00
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Table ITI.6  Maximum scatter 8 of shifted egcperimental points around the
master curves; S in scale units (1.5 mm)

' conteni | 210 - 300 pum {90 - 105 pm 33 - 40 ym '8 - 20 pm < 8ypym l .
fi(l)ﬁer wo. | 8 |no. { S |no. St Ino. S no. 8
SCL.Ulls Se.un. .SC.UH.V v SC.un. sSc.un.
138 1.2 164 0.9% {178 0.9 |185/190| 0.6
10 217 0.9 jze4 0.6 2% A | 1.5 '
) 22 A | 0.6
_________ e e S TR B -
123 1.5 {210 1.8 |166 | 1.2 (180 1 186 0.9
20 218 | 1.5 ‘225 1 237 A | 0.9
| 233 A | 1
_____________________ e Tt E e B e
131 6.3 211 1.5 [168 3.0 181 1.2 188 0.9
B 30 214 A | 3.9 219 2.4 234 A | L.2 238 & | 0.9 j
(229 A | 1.5 |
_— ——— SIS SESPUS: YRS USRI S U S i
133 7.2 |22 [10.8 1170 1.2 235 A | 5.7 191 L |<0.2
222 | 1.8 |2164 | 5.2 j220 | 3.9 |
4o 230 A | 2.1 1205 A | 4,2 !
3 1280 & 3.3
——————————————— - mmm e e e e
213 | 7.2 206 A 2.7 !
| 21541 9.0 | !
. i 1 ; !
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"APPENDIX III

NUMERICAL DATA CONCERNING TENSTIE STRAIN RECOVERY

Table IIT,1 summarizes for each specimen used for tensile strain recovery

expariments from left to right:

{a) the specimen number, the number and #'ze of the fraction and the con-
tent of rilier;
() typical data on tle primary creep experiment preceding recovery. These
ol { 5 tis Wl
data are the stress Qanreepg the elapsed me tl and the strain emax
at the wmoment of unloading; the strain €, at “he beginning of the primary
creep experiment as calculated from the modulus in the non-dewetted state
(see seetion #.4) and, finally, the contribution €max” S of the de-weti-
ing proces to strain Bmax;

(¢) the strain g, at a recovery time of 1 h.
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Table IIT.1

$96C N0, fr;’l}gnicn NaCl' Op.cr t Vema;; €, max "~ € g
w70 vol.® kg/em™  hrs (%) (%) (%) (%)
185/2 8 10 7.5 1480 . 27.65 15.0 12.7 6.37
185/4 ¢8um 10 7.0 1440 - 24,00 14,0 10.0 5.66
185/5 10 £.0 1300 © 17.52 12.0 5.5 -
246 A/3 10 4.5 1000 14.10 8.8 5.3 2.52
186/1 20 7.5 1200 21.15 9.0 12.2 6.56
186/2 20 7.0 1300 © 17.40 7.2 10.2 5.80
186/6 20 6.0 1460 - 13.95 6.1 7.9 5.20
257 A/2 20 4.0 1000 8.43 3.7 4.7 2.74
188/1 30 6.0 1600 © 10.76 3.4 7.4 5.20
188/2 30 7.0 1500 14.85 4.0 10.9 7.65
188/3 30 - 8.0 1500 ° 21.9 h.5 17.4 11.00
188/4 30 5.0 1300 8.14 2.8 5.3 4.40
191 L/1 40 5.0 1550 = 17.8 1.8 16.0 11.60
191 L/2 L0 6.0 1500 3h.4 2.4 32.0 22.00
224/1 7 10 5.0 980 17.8 11,0 6.8 3.21
232 A/1 8-20 ym 10 €.0 930 23.1 14.5 8.6 2.78
234 1/5 30 6.0 1000 34.2 4.9 29.3 10.15
164/5 6 10 5.5 1380 26.4% 4.0 12.4 3.70
217/4 33-40 pum 10 10C0  19.6 2.2 T4 1.80
218/2 20 8=0 18.7 7.0 11.7 3.20
168/4 20 1030  21.7 4,5 17.2 6.20
219/4 30 930  26.8 4,1 22.7 6.20
175/1 40 1460 7.89 1.8 6.1 3.20

T R

i B e e
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‘fable [1F.1 {Continued)

3 U v et T T - - '
% cpe..nc. traction ne. Nall Gpr. or. tl €max €, €y ~ Eo g
(L 2 o
. vol. A kg/tm nrs (%) (%) %) (:1)
210/5 4 20 L.5 1010 21.2 7.5 13.7 1.8
R 214 A/5 0 QU - 105 um 30 3.5 890  16.5 3.k 13.1 1.4
2i2/1 40 3.0 1100 15.1 1.7 13.4 2.7
e — 212/7 40 5.5 910  25.1 1.8 23.3 3.6
213/1 50 3.0 1150 1%.5 0.7 i2.8 3.0
I- 138/2 2 10 3.0 820 12.65 3.0 L AE 0.50
- ( ! o] ~
123/1 210 = 200 pm 20 2.0 1000 5.49 4.2 1.29 0.06
131/1 30 2.0 960 4,75 2.2 2.55 0.32
i31/% 70 2.5 420 10.50 2.8 7.7 1.1
133/1 40 2.0 850 6.20 1.2 5.0 0.94
204 /2 55 2.0 1000 5.90 0.4 5.5 1.26
F]
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APPENDIX IV
Table IV.1 Ruptu Q>'
and of ,'
cbr
1
€ 210 - 300 um | 90 -105um 33 - 40
hrs w. &%) A*) M) tw.al a M W. A A
10t s.60 5.60 x | 7.85 7.35
10° | s.00 5.00 x | 7.0 750
10 10l 4,25 4,25 x 7.10 6.50
102 3,50 3,50 x | 6.10 6.75
107t 4,70 4,70 | 6.75 6.75 | 8.00| B8.25
10° 4,25 4,25 | 6.30 6.30 7.50 7.70
_ 20 10" 3.80 3.80 | 5.80 5.80 6.90 7.10
10° | 3.3 3.30 | 5.25 5.25 6.50
o™t | w30 4,30 | 6.45 | 7.25 | 6.45 | 8.50 8.00
:;, 30 10° 5.80 3.80 | 5.65 | 6.50 | 6.07 | 7.50  7.70
1oi 3.7%0 3,30 | 4.85 | 5,60 | 5.25 | 6.80 6.90
10° 2.75 2.75 1 4.10 | 4,75 | 4,42 - - -
107} 4,00 4,00 4.20 | 4,10 5.20 | 5.30 | 7.00 7.20
40 10° .45 3,50 | 3.60 3.50 | 4.0 | 4.80 | 4.60 | 6.50 6.50
10! 2.90 2.95| 3.00 2.95 | 4.10 | .25 | 4.18 { 6.10 5.75 | 5.60
10” 2.%0 2.30 | 3.90 | 3.75 | 3.82 | 5.70  4.90 | 4.90
w325 5,384 3.50 3.36 | 4.40 | 4.3 | 4.78 6.10
50 10° 3.00 2.80 | 3.05 2.95 ! 4.00 | .00 | 4.00 5.55
10t 2.60 2.40 | 2.50 2.50 | 3.50 | 3.65 | 3.57 5.00
| 07 1.90 1.90 | 3.00 | 3.30 | 3.15 4.45

i

3

i \\{,‘%\”\\? %

R iy e ——

SLI"//K

Delft, Junc 2, 1966

*) W.A samplis not treetou with Asolectin

A: sample treated with Asoclectin
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APPENDIX IV NUMERICAL DATA COF RUPTURE PROPERTIES
e Table~IV.1l  Rupture stress obr at various values of content and size of the filler,

and of the rupture time t

br*
Oy s kg/cm2 vs content of filler, tbr’ particle size
33 - 40 pum -8 - 20 um < 8um
W. A A N W. A A M W. A A M

7.85 7.35 7.60 8.50 8.50 10.70 |10.10 | 10.40

7.00 7.50 7.25 7.50 7.70 7.60 10.00 | 9.35 9.70

7.10 6.50 6.80 7.25 7.25 9.25 9.25

6.10 6.75 6.42 €.75 6.75 8.50 8.50
75 | 8.00 8.25 8.10 9.60 9.00 9.50 9.40
30 ! 1.50 7.70 7.60 8.60 9.10 8.70 8.80 11.50 [10.50 | 11.00
80 6.90 7.10 7.00 8.10 8.50 8.10 8.20 10.70 | 9.70 | 10.20
25 l 6.50 6.50 7.70 8.00 7.85 9.75 9.75
45 | 8,50 8.00 8.00 9.65 9.65 x
o7 | 7.50 7.70 ‘ 7.60 3.00 g9.00
25 | 6.80 5.90 ,- 6.85 §.20 8,20 10.40 | 10.%0
&2L - - - - x 7.45 7.45 x

1

30 t 7.00 7.20 * 6.90 7.10 9.50 9.50 x
60 i €.50 £.50 | 6.25 | 6.42 8.75 8.75 x
181 6.10  5.75 ! 5.60 5.60 | 5.75 8.00 8.00 x
82 l 5.7 4.90 | 4.90 5.10 7.25 7.25 x
38 ‘ 6.10 6.10 x x
00 | 5.55 5.55 x x
57 5.00 5,00 x x
15- r" o /J/Q.us k.45 X X
feated with Azolectin M : mean value

B T o
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