
• AD A072 Øl j  STATE UNIV oc NEW YORK AT STONY BROOK Ff6 11/6 1T!. TIE RESPONSE oc COATED STEELS TO CAVITATION IN CORROSIVE ENVIRO——ETCIU)
MAR 79 H HERMAN. C R CLAYTON, N DORFMAN N000I14—75—C—1O16

UNCLASSIFIFO TR.”e pit.

I
,

________ __ I

_ -in
1

4



_ _ _  ‘~~L ~2.2

~ L1g 1112.0ii 1.1 L
100 18

11111’ .25 
~flfl~

4

MICROCOPY RESOLUTION TEST C)4~~T :

• 
NAT~~ M~ 8UREAU OF STA

~
DARDS

~
1963•?.

-

.
~—

. 
-

•

~~~

. .

~~~
• -



~1~’ ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

‘—
~~~

-
~~~~~~~

•
~~

_
~ V

LEVEL(
~c) IINE...&SPONSE OF~ 9ATED ~~EELS TO

£AVITAT10W IN C RROSIVE ENVIRONMENTS ~

(i~I H./N.ruian. C.R./Cla~ton~ M.JDorflsan~ S.gSa fsi LJ.I Verges 1
Mar .Th79

Technical ~~~~~~~~ 4 ~ Ct

The Office of Naval Research

- 

Contr~~~~~
j
~~~~14_ 75_C_lfr 8 \

~~ E~
]

Reproduction in whole or in part is p.r.l ttid for any purpose of tli
United States Gov•rnmsnt

N 08 10 ~55

_ _ _ _ _  

A
~~~~~~~~

_______________________________________



F w~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ r~~~~ -.~~~--~~~ - . ~~~~~~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

pI.~~

~ICUR*?V CLAISIFICATION OF 7141$ PAGE (PII.n D.~a Li$., .4) _______________________________

RIADa.. raUCTIONS
REPORT DOCUMENTATIUI’ r~u~ B$,O~~~ ~~~~~~~~~~~

1. REPONT NUMIER IL GOVT ACCI$SION NO S. RIcIPIrwrs ~iWfai.bó wusijéll

H SUSB-79-.l I
‘• ‘~~t-~ ~~~ 

5. TYPE OF REPO RT A PE~~OO COVERED

THE RESPONSE OF COATED STEELS TO CAVITATION Technical Report No. 4
IN CORROSIVE ENVIRONMENTS

S. PERFORMING ORG. REPOAT NUMS S

1. AUTNOR( ) I. CONTRACT OR SMAMY NUNUERC )

H. Herman, C.R. Clayton, 14. Dorffl%an, S. Safai N00014-75-C-1018
and 3. Verges

•. PERFORMING ORGANIZATION NAME AND *005155 10. ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
TASK

State University of New York
Stony Brook, N.Y. 11794 NR 036-110

II. CQNTROL.upiG OFFICE NAME AND ADDRESS IS. REPORT DATE

Office of Naval Research March 1979
Department of the Navy I~ 1115555 OF PAGIS

II. I~~ iJN¼ NI~i?I ADDREWU dIVáV.& fro C,nfroUhlS Offic.) lU SECURITY CLASS. (.1 sit . ‘m.’U

UNIIASSIFIED
IS.. 

f~~k~~
&ICA?IOW OOMNIRA

~~
MS

1 .  DISTRIPUTION STATEMENT (of sit. Rspo t)

This document has been approved for public release and sale; Its distri-
bution Is unl imited.

17. OI$TRISUTION STATEMENT (of ffi~ .b.tt.CS ttINd b~ h OCk 30. U ~~f t.r U ha R.po~O

• IS. SUPPLEMENTARY NOTES

IS. KEY WORDS (C~~lM.. ~.v.v.r.. .Id. IS n.000.PP 1d I~~nhIb’ t, block su bsr)

Flane Spra4slng, Coatings, Cavitation-Erosion, Corrosion , Aluminum Coating,

* 

Zinc Coating.:

20. ASSTRA C1 ~‘CinMco. oc r.,~~.i old. It nocrnPP ~~d Id.e ,t* A? bl•ck A11)

Thermal-sprayed aluminum, zinc and zinc-aluminum coatings on steel are being
studied to determine the resistance afforded by this coating to cavitation-
erosion in salt water. Both oxide and metal coatings are being ex ined to
ascertain the details of mlcrostructure of the thermal sprayed layers. NDE of
coatings using acoustic emission Is currently being evaluated.

DO ~~~~~~~~ 1473 iOITION O~~IPIOV II IS OI$0t171 I$4CLASSIFIED 
_____

It CUNITY CLAS~~PICA?ISU OF ThIS PASS ~~~~~

-

__.t__ ~~~~~~ — —- - — —-~--~~— —-—~~~~~~-~~~ -—---



This ONR—supported program has concentrated on the cavitation-erosion

behavior of thermal-sprayed coatings on steel in distilled and in salt water.

The coatings have been Zn, Al and Zn-15 w/o Al. Porosity is a major cause

rif failure in a cavitation field , and further work is proposed whereby the

porosity can be controlled and the coatings examined both from the points

of view of corrosion (visually and electrochemically) and cavitation-erosion

(visually and with weight-change measurements).

The microstructures of both oxide and metal coatings have been examined

through x-ray diffraction and using scanning and transmission electron

microscopy techniques. Aside from active coatings, it is also desired to

examine thermally-sprayed stainless steels, exothe rmi c coat i ngs and sp rayed

metallic glass forming materials.

Acoustic emission (AE) is being developed as an important tool for

coating evaluation. It is one goal to relate AE measurements to cavitation-

corrosion survivability .
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I IN TRODUCTI ON

Protective coatings have been applied to metals and alloy s by thermal

spraying techniques for many decades to provide resistance to corrosion .

In eng ineer i ng tests, zinc and aluminum-coated steels, wi th and wi thout a

polymer top-coat, have been subjected to sal t water and Indus tr ia l corros ion

conditions of 12 and 19 years duration , respect ively ( l ,2).and, despite the

fact that the coatings always contain some porosity and , therefore, woul d

not be expected to provide complete protection, they have proven remarkably:

success ful .  However , i n mar ine env i ronme nts, struc tures are frequen tly

subjected to mechanical erosion by cavitation processes and by sand particles.

The aim of this program has been to relate the degradation processes~of

corrosion and cavitation-erosion in marine environments to the microstructure

characteristics of the coatings. The microstructure of thermal-sprayed

coatings has been shown in this program to be highly process-dependent.

Therefore, it has been our goal to examine the microstructure of a range

of metallic and oxide coatings and relate these to protective properties.

The cavitation-erosion has been stud i ed using an acoustic horn in dis-

tilled and salt water. Surface topography as well as weight-loss were

followed during exposure. The corrosion behavior of sprayed coatings of

~~~~~~~ zinc and Zn-l5wt%. Al were examined by a standard ASTM salt spray

test as well as by electrochemical means. There has furthermore been devel-

oped a means of carrying out potentiometric measurements of the cavitation-

erosion coatings and , thus , using an interruption method , it has been pos-

sible to follow the evolution of the corrosion potential attendant to

cavitation-erosion attack.

Related to the above corrosion and surface mechanical properties are

the detailed microstructural characteristics of thermal-sprayed coatings .

Transm iss i on ele ctron m i croscopy (TE ll) , scanning electron microscopy (SEM)

and x-ray diffraction analysis have been employed to resolve the relation
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between spray-process parameters (e.g., powder and wi re spray characteristics ,

feed rate, gases, power leve l , surface preparation).

The spray processes which have been employed in this study include ,

oxyacetylene flame torch, electric-arc spray, and plasma spraying. The

differences among these processes will be discussed below. Of central Im-

portance , however , is the fact that contained within the as-sprayed layered

platelett-structure are grains of the order of one micron in size, the de-

tails of which we have been examining. Overall , it can be conclu ded tha t

we are here dealing wi th a material that has been splat-cooled , i.e., has

undergone ultrarapid quenching from the liquid at rates of the order of

106°C/sec. This process is known to yield extremely metastable micro-

structures , which have the asset of having interesting properties and

the liability frequently of being non-stable at elevated temperatures

(e.g. in service). We have in this research program addressed ourselves

to a detailed study of such metastable microstructures and to their stab-

ility in-use.

An additional aspect of this program has been pcst-spray treatments

using mechanically-induced pore closing in metal coatings and laser pro-

cessing of plasma-sprayed oxide coatings. Described here-in will be

corrosion and cavitation-erosion behavior of coatings which have been

rolled. Shot-peening will be used in subsequent studies to determine how

this coimiercial process influences coating lifetime - we have reason to

believe that lifetimes will be greatly enhanced due to this post-spray

surface processing.

Non-destructive eva l uation of coating integri ty and expected perfor-

mance is most diffi cult to achieve. Most of the current techniques are

not reliable. During the last contract year we have initiated cooperative

studies wi th Dr. K. Ono of UCLA on the use of acoustic emission (AE)

— —...—— ~~~~~~~~ 
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~~~~~~techniques for observing oxide coating behavior. A number of exper iments

have been carried out to ascertain various apsects of noise generation from

oxide coatings on steel. This will be detailed in the followi ng, and

further work In the use of AE In coating chracterization will be outlined.

This ONR-supported program on thermal-sprayed coatings Is pointing

out important areas of future research. The defects inherent in the

sprayed coatings (eg., porosity , cracks , rough coatings surface ) arise

from the processes employed to form the coatings. Clearly, a better under-

standing is required of the relation between the process parameters and

the imperfections contained wi thin the coatings . The measurements of the

sizes and extent of the imperfections have been a major part of our study.

Porosity and cracking, for example , can be readily controlled by alloying.

The AE phenomena are also effected by alloying, leading us to the conclusion

that AE can be a valuable tool for coating characteri zation and testing.

Other tests, to be discussed, correlate well wi th this contenti on. In fact ,

it is suggested that the very Imperfections themselves (eg. mi crocracks

in oxide coatings) can l ead to “plast ic—like ’1 behavior when the coatings

substrate is deformed. Such concepts can be used to explain the surprising

viability of various coatings and to suggest the design of “tough” ceram ic

coatings.

I 
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II  BRI EF REVIEW OF PROGRE SS

Since the inception of this ONR-supported program we have sought to

relate the microstructure of the coating to its chemical and mechanical

behavior. A number of publications have resulted and presentations have

been made at international conferences which have reported on these

results.

Microstructtiral characterization of plasma-sprayed coatings of metals

and alloy s have been the topics of two recen tly awarded theses :

i) V. Wilms (now at MTU, Mun ich , Germany ) , “The Microstructure of Plasma

Sprayed Ceramic Coa tings ”, Ph.D., June , 1978.

ii) S. Safai (now at Metco, Inc. , Long Islan d, N. V.), “A Microstructural

Investigation of Plasma-Sprayed Metal and Oxide Coatings”, Ph.D.,

May, 1979.

In the above studies, x-ray diffraction methods and electron micro-

scopy (TEM , SEM) were employed to develop a model of solidification and

the resulting Interfacial bonding . The results point clearly to a “mech-

anically-assisted metallurgical bond” . These ideas were developed further

In our cavitation-erosion studies , which resulted in an additional thesis:

l ii) J. Vargas (now at Pratt—Whitney , East Hartford , Conn.), “Thermal-

Sprayed Active Coatings for the Marine Protection of Steel”, M.S.,

May, 1979.

In th i s work, both salt spray and potentiokinetic techniques were

used to examine the marine corrosion behavior of flame sprayed (oxyacetylene

and electri c-arc) light alloy coatings on steel. The major thrust in

recen t months has been a con tinva ti on of th i s work by graduate researc h

assistant M. Dorfman, who is carrying out electrochemical measurements in

the cavitation-erosion cel l on an interruption basis. In this way, I t Is

now possible to examine dynami cally the decay of the coating and to ascertain

the protective character of different protective systems. Furthermore, 

-~~~~ ---~~ -- -
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post-spraying coating modification can have a dramatic effect on the

dynamic degradation of such systems, and work is continuing on evaluating

the effectiveness of these treatments. The modification performed here

ranges from mechanically-induced closure (pressing, shot-peening ) to laser

treating. Polymeric pore-filling has an important effect on both corrosion

and mechanical behavior, but not all fillers are effective, and evalua tion

of the relative effectiveness of the fillers is continuing.

Non-destructive evaluation of thermal-sprayed coatings has been ex-

tremely limi ted. In recently initiated work, carried out cooperatively

with Professor K. Ono of UCLA , we have attempted to develop Acoustic

Emission (AE) as a method of NDE for plasma-sprayed oxide coatings. This

work will be continued in an effort to characterize the noise eminating

from a deformed or heated coating and relate that noise to coating and/or

interfacial microstructural features. It will be our ultimate goal in

this work to develop AE as a NDE technique for coating evaluation , a greatly

needed industrial tool .

Further work will be outlined below. The central thrust of this ONR—

supported program has been , and will continue to be, a much needed detailed

analysis of coating microstructire and how lifetime is Infl uenced and can

be improved by controlling this microstructure.

I :: ~::~:~ •7~~~~~~~~~~~
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I I I  THERMAL SPRAYING

A. Background

The thermal spraying process invol ves the continuous injection of

materials in the form of a powder or wire into a high temperature flame

formed by the combustion of fuel gas-oxygen mixtures , or into a plasma

arc . More recen tly, the use of an electric-arc between two consumable

wi res has also received considerable attention . (Much of the corrosion

work carried out here has been done on electri c-arc-formed coatings).

The molten particles are propelled towards the surface by a high velocity

gas, wi th velocities close to sonic , where they are rapidly quenched

upon impact and thereby form the coating. In industrial applications ,

these techniques are used for the deposition and protecti ve coatings

of metals , oxides , and carbides for the purpose of reclamation , hard sur-

facing, corrosion protection, etc. Light alloys’ (eg., Al , Zn , Zn-Al

alloys ) are usually sprayed wi th either oxyacetylene or electri c arc guns

at feed rates up to 50 kg/hr. However, oxides and other materials which

require higher temperatures and non-oxidizing environments are generally

applied wi th an inert-gas plasma system. These coatings usually range in

thickness from 100 urn to several millimeters and are nominally categori zed

as thick films .

In spite of the considerable development work that has gone into im-

proving the spray process, there unfortunately still exists limi ted appre-

ciation for the details of the microstructural aspects of the sprayed

coating. The major technologically related aspects of the sprayed coatings

include: (i) coating—substrate adhesion mechanism(s) and characteristics

of the Interfacial region ; and (ii) particle -particle cohesion and the re-

la ted “bul k” properties of the coating .

With respect to adhesion between the coating and the substrate , the

first molten particles which impinge onto the surface, usuall y cleane d and

r •— 
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roughened by gri t blastin g, experience very rapid rates of solidi fication.

However , the cooling rate in the subsequent layers, within the “bulk” of the

coating, is lowered by an increase in surface temperature and decreasing

thermal conductivity . Therefore, it is probable that the diffe rential

cooling mechanism results in nonuniformi ty of the mi crostructure in the

sprayed coa ti ngs. In genera l , however , the rapid cooling phenomenon in

the plasma process is manifested in extremely fine grains and metastable

phases very much akin to those observed in liquid-quenched (LQ) materials.

Aspects of the adhesion question have been studied in this program and

have been discussed in previous annual report (3-5).

A great deal of study has been ded icated to the microstructures of

splat cooled materials. Much work has been carri ed out on splat cooled

(
~ 10

6 °C/sec) light metals and alloy s, and these studies have in fact

been of use to us in understanding the microstructures of thermal sprayed

materials , which have their origins in the very rapid solidification rates

that they experience .

The higher melting point metals and oxides (>1500 °C) require specially-

designed apparatus , and only limi ted research on their structure and prop-

erties has been carried out. However, with the advancement in laser tech- .

nology an d other high energy hea ti ng systems, rapid thermal cycling of

these materials has become conveniently accomplished. On the other hand,

the plasma flame process, because of its extremely high temperature (>6000 °C)

can be a more economi cal method for rapid cooling of both metals and oxides .

In addition , the continuous nature of the spraying process can result in a

larger quantity of splatted materials which usually cannot be attained wi th

other techniques. Moreover, the post-quench processing (e.g., pressing

extrusion ) which is usually required in the conventional techniques is elim-

m ated in thermal spraying because in the latter technique , any complicated

shape and geometry may be sprayed.

- —_~-.- -.  . - - .  _— ___ .~~T~
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The scope of the present study has been to examine the microstructure

of thermal-sprayed coatings in detail and relate that microstructure to

their physical properties. An important technological aspect of the sprayed

coatings is porosity, whi ch depends , among other things , on particle morph-

ology. This program has included an analysis of porosity, its si~~ dis-

tribution , and how these factors can be infl uenced by the proper selection

of coating materials.

Previous reports (3-5) originating from this program have outlined

the range of microstructural studies which have been carried out. In the

present report for the 1978-79 period we present microstructural consid-

era tions on plasma sprayed Al 203, A1203-Ti02, and 1102 and the attendant

phase transformations which occur in these industrially important coatings.

Al so, presented wi ll be a deve lopment on NDE of these coa ti ngs us ing

Acoustic Emission .

—— —.—~ ———— .— — ... —_— — —
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IV ~~~SMA-SPRAY E[~ OXIDES

A. Phase Transformat ions -In Alumina Coatings

A detailed x-ray analysis of plasma-sprayed alumina coatings was

performed using both Debye-Sherrer photography and powder diffractometry.

The crystal structure of the as-sprayed high puri ty At203-2.5 wt% 1102

was found to conform wi th the cubic metastable phases of alumina rather

than wi th the corundum phase. Similar results were found for sprayed pure

al umina. Therefore, greater emphasis was placed on At203-2.5 wt% h O 2,

so that the role of titania additions could be determined.

In general , the as-sprayed alumina coatings were composed of the

y-At203 as the major phase and the 6 and e polymorphs as the minor con-

stituents . The formation of a metastable phase is understandable because

the rapid cooling of the molten particles limi ts the ordering of oxygen

and aluminum atoms into the stable a-phase. Pos~i t i on in g of the AL 3
~ in

the tetrahedral and octahedral groups of oxygen ions determines the final
3+structure of the alumina. Upon slow cooling from melt, the At ions , due

to their greater mobility than oxygen , can diffuse into the octahedral sites

and ,thus , reduce the overall free-energy of the system. The resulting

structure is the hexagonal a-At203. On the other hand , rapid cooling

results in tetrahedral coordination , and the characteristic cubi c structure

is formed. Moreover, the solidifi cation rate of the particlcs determines

the degree of order and the formation of the intermediate metastable crystal

structures. The previous studies of the liquid quenched (6) and vapor

deposited alumina (7) have identified y-AL2O3 as the primary phase (highest

cooling rate), while the intermediate polymorphs are basically 6 and e-At203.

The transition sequence is generally in the order of y, 6, 0, into a-At203.

______________________ —i--- -. —--~~~~~~~~~~ - --- --- ‘-‘-- - ~~~~~~~~
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According to these observations , the addition of the 2.5 wt% 1102 to

the fused alumin a powder does not have an apparent effect on the tendency

to form non-equilibri um phases in the coatings. A combination of y and

6-At203 phases is present in all of the as-sprayed coatings prepared using

ordinary spraying parameters. However, excessive torch heating of the

coatings can accentuate the formation of 0 and ~-AL2O3.

Using the integrated intensity ‘f the appropriate x-ray diffraction

peaks, an attempt was made to quantitatively determine the volume fraction

of each phase in the sprayed coatings. However, a conclus ive resul t was

not obtained because of the process-dependence of the spraying and due to

the variations of the thermal history of the particles which form the

coating. In addition , the crystallographic similarities of the 6 and

y-At 2O3 make it extremely difficult to quantify the exact volume fraction

of each phase wi thin the alumi na coatings.

The x-ray analysis can , however , reveal somethi ng of the dependence

of the coatings structure on the spraying process. For example , since

y-fonnation is associated wi th higher cooling rates, the th in alum ina

coatings (
~ 200 urn) were found to contain higher fractions of y-AL203 and

very little 0-phase. On the other hand , thick coatings, whe re cons idera ble

plasma torch heating occurs, are usually composed of the intermediate phases

(eg., 6 and e—At2O3). Similar results are obtained wi th excessive pre-

heating of the substrate prior to spraying. Al so, coatings sprayed on air-

cooled substrates contained larger amounts of 6-At203 than those sprayed

on water-cooled surfaces .

The size and orientation of the grains in the aluminum metal coatings

has been shown in this program to depend on particle morphology and location

wi thin the coating (3-5, 8, 9). Similar effects were found wi th respect to

the crystal structure and various phases of the alumina coatings . That is,

the cooling rate within each particle governs the structure upon solidifi-

. - - ---—- - - ,.- -- .-—______ _______ ~~~~~~~~ 
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cation , whereas subsequent transformation to the intermediate polymorphs

is controlled by the locati on of the particles and the rate of heat-extraction

through the subs trate.

1. The Effect of Coating Thickness

To study the effects of coating thickness, a series of x-ray experi-

ments were conducted in which polished surfaces of alumina coatings, at

various distances from the substrate, were examined. Substrate—free

alum ina coa ti ngs were sprayed and then mechan icall y pol ishe d to var ious

thicknesses from the top surface. The substrate temperature and, more

importantly, the gun-traverse-rate were kept constant in all of these ex-

periments. Using the x-ray diffractometer, and integrated intensity

techniques , it was found that the coating-substrate interface contained

more y-At203 than the top (outside) surface of the coating . However, the

difference was rather insignificant for coatings up to approximately 450 pm

(0018”). On the other hand , for thicker coatings, the top surface contained

considerably less y-AL2O3 and was predomi nantly composed of the intermediate

6 and some e-At203 phases. For the very thick coatings (>1700 urn), the top

surface contained mostly e and a alumi nas, with very little 6 and practically

no y-AL203. Furthermore the overall y-content of these coatings, as de-

termined by the x-ray analysis of the pulveri zed samples , was usuall y less

than 20% of the total .

For a better understandi ng of the polymorphism in alumina coatings ,

TEM and electron diffraction were employed. Al though TEM revealed large

structural variations wi thin the coatings , the overall resul t correlates

closely wi th x-ray di ffractometry. In regions near to the substrate, the

predominant phases were y and 6-At203, whereas e and a-At203 (I.e., those

phases associated with lower cool i ng ra te) are commonly found at di stances

away from the Interface. Oaurrence of both a and the metastable alumina

in LQ samples was also reported by Krepski (10) who used TEM to examine

~~~~~~~~~~~~~~~~~~~ 
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the hammer-and-anvil quenched laser-melted rods.

In general , TEM revealed some mottling wi thin the grains which

suggests partial phase decomposition in the as-sprayed alumi na coatings.

Phase trans forma tion can be fur ther exam ined by su bsequen t heat treatment

of the sprayed coatings. For example , specimens were heated in situ

within the microscope revealing sub-structures wi thin the grains. The

corresponding SAD pattern indicates the formation of y-At2O3 which ,

according to Lippens and deBoor (11), is the ordered cubic y-phase and

is composed of three sub-cells of spinel-like structure.

2. Role of Particle Size on the Structure of Sprayed Al umina Coati~gs

The presence of the various phases of alumi na in the sprayed coatings

does not depend on solidification alone.. Thermal history of the particles

prior to impact will also be determining as to what phases form. Of par-

ticular importance is the particle size, since this controls the extent

of particle heating by the plasma flame through boundary-layer conduction.

To examine the role of this parameter, a series of x-ray experiments were

carried out. In these experiments the size of particles was closely con-

trolled .

The as-received powder of At203-2.5 wt% 1102 was dried and then sprayed

into water. The quenched particles we re then col l ected, rinsed wi th methanol ,

and dried. Most of the particles were spherical , indicati ng complete melting ,

~though some unmelted angular particles were also present. The spherical

particles were separated from the unmel ted by a segregation technique using

a polished aluminum plate . The collected powder was then screened to several

size fractions by a sonic sifter in the followi ng size ranges: < 20, 20—37 ,

3744, 44-53, 53-62, 62-74, 74-88, all in urn. The coarser powders were ball

milled to < 37 pm to elimi nate grain size effects in the x-ray powder study.
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The results of these experiments are summarized in Fig. (1), where

the volume fraction for the a-phase is plotted against the average particle

diameter. It is observed that ct-At203 is practically absent in particles

up to 20 pm in diameter. Traces of ct-alumina which were found in these

small powders probably originated from the unmelted fine particles which

were collected from the water chamber. Combined optical microscopy and

Oebye-Sherrer x-ray studies indicated that all of the spheroidized particles

with d ~ 20 pm were composed of metastable aluminas . Furthermore, y-At203
constituted the major fraction of the powder although some 6-phase was also

- present.

The a-alumina formation is enhanced as the diameter of the particles

~:n:reases , to the extent that particles of 44—53 pm in di.uneter contain

about 5O~ a-At203 ~ihen quenched into water. The metastable phases of alumina

were never found In particles larger than 93 pm. ’ Such a phenomenon Is in-

dicative of the effect of cooling rate on the polym orphic structure of

alumina within the solidified particles . The fastest cooling occurs in the

smaller particles and results in y-At203, while in the larger particles cooling

rates are sufficiently low so that At3~ ions can diffuse to form the ordered

ct-At203 structure .

When the alumina particles are sprayed onto highly conductive surfaces,

as in the case of sprayed coatings , higher Solidifi cation rates are expected.

The fact that the major phases comprising the sprayed coatings are metastable

does indeed suggest that solidification rate in the flattened droplet is

higher than tha t for spher ical par ticles. However , the role of the part icle

size on crystallographic structure of the coatings will be, In genera l ,

similar to that observed in water-quenched experiments. That is, the fraction

of retained stable a phase will be still higher in the larger flattened

particles although to a lesser extent than that shown in FIg. (1).

________________________________________ A
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Another difference between the water-quenched particles and the

sprayed coatings which should be considered is the role of fine particles.

Since all of the very fine particles cannot be collected from the water ,

or are lost during the screening, the volume fraction of the metastable

phase Is certainly higher than what is presented in Fig. (1). The presence

of these fine particles and the thermally conductive metal substrate can

explain the formation of y and 6 alumi nas as the major phases in the

sprayed alumina coatings .

B. Structure of At203-T102 Coatings

1. A2203-T102 Sol id Solu tions

The addition of titanium dioxide to alumina results in a considerable

enhancement in the structure of the sprayed coatings. These coatings are

observed to have higher cohe~ive bonding and, thus, porosity was drastically

reduced in comparison wi th pure alumina (12). The enhanced sintering of.

the Ti02-contalning alumina droplets is generally in agreement wi th Bagley’s

sintering study of At 203-T102 system (13). It Is found that additions of

up to 0.13 wt% Ti02 can increase the intrinsic diffusion coefficient of

alumina by a factor in excess of 100.

Furthermore , rapidly quenched pure alumina and At 203—2.5 wt% 1102
we re found, wi thin the experimental limi tations , to possess Identi cal

4 metastable phases. The addition of the Ti02 phase apparently does not

effect the formation kinetics of any of the several pol ymorphs. The

important question arising from this observation is the solubility of Ti

ions in the metastable aluminas. The equilibrium solubility of titanium

oxide in a-AL203 is limi ted to about 0.4 wt% in air (14), and 2.0 wt% in

a hydrogen environment (15). The solid solution limi ts of ti tanium oxides

In the metastable altinlna are ,however , not well known.

L~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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To determine the nature of titanium oxide and its solubi lity in the

sprayed alumina coatings , the fused powders , containing 2.5 and 15 wt%

Ti02, were selected since they we re found to be more homogenous than the

other compositions tested. Lattice parameter measurements were made ac-

co rding to the method of Mckee and Aleshln (15) by using the measured

shifts in selected diffraction peaks and comparing these wi th pure alumina.

However , the solubility limi t of Ti02 in sprayed alumi na, calculated from

the change in unit-cell dimensions, varied greatly for the different

samples and compositions. Therefore, the solid solution of Ti02 could not

be represented by a single value ; in the coatings containing 2.5 wt% h O 2,
the limi t varied from 0.45 wt% to approximately 2.5 wt% , while for the

At 203-15 wtS 1102 fused powder , the coati ngs showed solubility limits as

high as 4.35 wt% h O 2.
The variations in the solubility limi ts carc possibly be explanined

by the phenomena taking place during the spraying process: the particles

which are introduced into the plasma flame are heated to temperatures

close to as well as above their melting point , followed by rapid cooling

and further torch heating . Analysis of the coatings composed of an ag-

gregate of such particles will only reveal a spectrum of solid solutions

of titanium oxide in the alumina rather than a specific phase . However ,

Gani and McPherson (16) found solid solutions in 6-At 203 to at least 15 wt%

h O 2 in the fine particles prepared by high frequency plasma oxidation

of TiCt4-AL2Br6 mixtures . For the compositions containing 28.4 to 56.9 wt%

Ti02,the condensed particles were found to be composed of rutile prec~p-

itates in 6-At 203. It is , therefore , conceivable that plasma-sprayed alumina

coatings may permi t higher solid solutions of titanium oxide than found

in a-At 203. In fact , it is likely a non-stoichiometr lc titania in the

sprayed powder which gives rise to enhanced solubility in alumi na . The

reducing environment of the plasma results in some reduction of the titania

- -- - . 
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and, therefo re , the higher values obta ined for At 203-15 wt % Ti0 2 correspond

mainly to the solubility of suboxides of titania.

2. Phase Separation in At 203-Ti02 Coatings

The physical properties (e.g., density , hardness ) of the coatings

fo rmed from the composite and fused powders containing more than 2.5 wt%

1102 are very similar , whereas the microstructures are considerably dif-

ferent. The At 203-l3 wt% Ti02 composite powder results in coatings wi th

excessive free alumi na and limi ted aluminum ti tanate compound, as m d i-

cated by x-ray analysis. hEM studies of these coatings revealed limi ted

areas in which the two oxides had reacted . The At 203-40 wt% T102 composite

powder, however , undergoes extensive alloyi ng upon spraying , and the micro-

structure of these coatings we re very much akin to those of fused powders .

The as-received fused powders were homogeneous mixtures of a-AL203
and B—A L 21i05. Upon spraying, the phase distri bution changes, and the

final composition of the coating depends on the extent of phase decomposition

during the deposition of the molten particles . In general , because of

rapid solidification , partial phase decomposition is observed in the

coa tings , although post-spray annealing or extensive torch heating can

also result in phase separation wi thin the alloyed oxide coatings. Sub-

strate-free coatings of At2O3-l5 wt% 1102 were sprayed and prepared for

TEM study. A non-homogeneous phase separation is usually evident in the

mottled grains throughout the sprayed coatings. Later annealin g of these

coatings caused further decomposition of the supersaturated matrix. Figure

(2) shows a TEM micrograph and the corresponding SAD pattern of an area

wi thin a coating which was annealed in air at 500°C for one hour. Pre-

cipitation has occurred both at the grain boundaries and in the grains ,

although In the latter case , the plate-like precipitates seem to be prefer-

entlally oriented along two orthogonal di rections. The x-ray analysis 

~- ~~~~~~ —-— - ,~~ ~~- ~~~~~ ——~~~ 
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Indicates that these coatings contained mostly 6 and y-At203, with some

intermediate B-AL 2TiO 5 compound.

Unlike metal coatings , alumina and other pure oxide coatings examined

by hEM do not generally contain lattice defects such as dislocations or

vacancy loops. However , an interesting observation during the study of

alloy oxi de coatings has been the occurrence of dislocation networks in the

sprayed coati ngs containing about 40 wt% T102. Figure (3) presents the

TEM micrographs of two types of dislocations found in At 203-40 wt% and

41 wt% 1102 composite and fused , respectively, coatings . For the composite

coatings , dislocations have been observed in the form of resolvable net-

works , In terac ting with inclus ions and vo ids wi th in the gra i ns , as shown

in Fig. (3a-b). On the other hand , the fused coatings contained arrays

of dislocations similar to low-angle subgrain boundaries (Fig. 3c).

Al though rapid solidification from the melt is responsible for the

occurrence of la ttice defects, experimental study pertaining to such

phenomena in AL 203-Ti02 alloys could not be found . Recently, Tkachenko ,

et al. (17) in an investigation of the wear resistance of At 203-40 wtS

1102 detonation-formed coatings , have reported the presence of the 119AL23

intermetallic compound. The coatings also contained a-At203 rather than

the usual metastable cubic forms. It has been suggested that the inter—

metallic compound reduces the bri ttleness of the oxide matri x and, thus ,

contributes to the enhanced surface wear characteristics of these coatings .

X-ray diffractometry indicated the aluminum titanate (~—At2TiO5) to

be the major phase in the At 2O3-40 wt% 1102 coatings. The coatings sprayed

wi th the composite powder contain minor amounts of alumina solid solution.

The aluminum titanate which is formed when the solubilit y limi t of h O 2 is

exceeded has a pseudo-brooksite orthorhombic crystal structure, simi lar to

Fe21i05 and melts congruently at 1860°C (18). The x-ray results for At203-T102
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coatings indicated only the low temperature ~-At2Ti05, which is stable

to 1200°C, and below wh ich decomposes by a eutectic reaction to At 203
an d h O 2. The high temperature a-form was not detected , however this

phase is said to transfo rm readily into the B-AL 2TiO 5 upon cooling,

especially in the presence of impurities such as Fe203 (18).

The formation of aluminum titanate similar to MgAL2O4 spinel form-

ation is accompanied by a volume expansion of ‘~ 10% (19). In addition ,

although titanium dioxide has no intrinsic effect on the strength of

alumina when in solid solution , it decreases the fracture strength when

present as titanium-dioxide-rich , or titanate second-phase (20).

The fact that most of At 203-Ti02 alloy coatings are composites of

several phases,large residual stresses usually result wi thin the coatings

due to the thermal expansion mi smatch. Such internal stresses place a

thickness limi tation on these coatings and can cause delamination. More

significantly, since the titanate phase which may form by the reaction

of At203 and Ti02 oxides , has very poor mechanical strength (19), it

fractures eas ily under the infl uence of the stress. The preferential

microcracking of the titanate phase has been observed in this program in

At203-13 wt% Ti02 composite coatings at the particle boundaries . The

microcracking phenomenon is , perhaps , responsible for the enhanced wear

resistance of the At 203-11O2 coatings. A similar mechanism is found to

cause the strengthening of partially stabIlized zirconla (PSZ) in which

the transformation-induced microcracks prevent fracture by arresting

the crack propagation (21).

3. Noncrystalline Phases in Az 203-T102

The rapid solidification of the oxide particles has been shown to

result in lattice defects and extension of the solid solubilit y limi t in

the AL203-Ti02 system. Another feature of the very high solidification

rates Is the formation of a noncrystal line solid (NCS) constituent in 
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At 203-40 wt % 1102. However , the metastable glassy phase was found only

in the particles rapidly solidified from the melt on high-conductivity

metal surfaces.

The composite and fused alumina powders containing approximately

40 wt% Ti02 were plasma sprayed on water-cooled polished substrates.

A very high solidification rate from liquid is assured by moving the

plasma torch rapidly over the substrate. In fact , the splatted particles

which adhere to the polished surface are truly liquid quenched since

the unmelted or partially sol idified-particles do not adhere to the sur-

face. The particles were examined under TEM directly or after ion—thinning.

The NCS phase was only observed In the thin region on the edges of the

splatted particles where the solidification rate is higher. The presence

of a glassy phase was noted by the diffuse SAD pattern . Other regions,

within the particles , showed the fine, crystalline structure which is

usually found in the sprayed oxides . 
-

In order to further examine the glassy structure , the NCS areas were

heated in situ in the electron microscope and the crystallization was ex-

amined. Figure (4) shows the TEM micrograph of NCS phase which was crystal-

l i zed under the electron beam. The diffuse SAD pattern before and after

crystallization is shown in Fig. (4b) and Fig. (4c) respectively. The

formation of the fine crystalline phase wi thin the glass phase occurred

very rapidly on heating. The crystallization usually began at the edges

of the thin foil , which is heated more rapidly, and propagated toward the

interior of the foil. However , some areas showed rapid crystallization

(almost explosively) throughout the sample.

Glass formation theories in lonically-bonded materials and , in par-

ticular , the NCS phases have been the subject of many investigations.

According to current concepts , the binary system At203-Ti02 canno t form a

glass under equilibrium conditions and even upon rapid solidification

-~ —- —~ 
-- - - - —

~
-— - — - - --~~~p---~—— -- ——~~~~ .- --~~~~~~~ -~~-~ - . . . - . -j -— ~~~~~~~~~~~~~~~ —~~~- ~~~~:~—‘--.-——~-- .



23

01 
. ., 

1’ 
- • ‘.~~~~~~ 

. ., .—
I ~~~~~~ . . 

. 
— ,... 

~ 
•-t. . - 

. — . -

•1 •
.
~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ - I

~ ~ - - ~~ ~. . 
- .

. - ; • .~ • - 
~~•~~t .

i.. : 
, I

p~ .S,-~~ ~~~- I~~. 
~~~~~~~ ~~~ 

.

~~~~~~~~~~~~~~ ~~~~~~~• 
~~

- 

~ .- ~ç. ,~r • - 
. . -

- 
. 

. I.•~~ . ~~~~~~~~~ /~~ ‘ ‘. ~~..p, .

~~ 

I b~~ . •.~‘ • •~~ 
— 

-

.~~ • _ • .
. S 

-

- 

~~~~~~~~ 

-

Fig. 4 TEM mnicrographs of plasma sprayed A Q 203-41 wt%

Ti02. Crystallized region (a); SAD patterns before

and after crystallization (b and c).
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from melt. However, glass phases are found in some restricted ranges of

complex compositions. Therefore , the observation of a NCS phase in sprayed

AL203-40 wt% h O 2 cannot be explained in light of any of these concepts .

Suzuki and Anthony (22) have also found a crystalline structure in rapidly

quenched M203-Ti02 oxide containing 20 mol% At203. However, as su ggested

by Takamori and Roy (23) who exami ned the NCS phase formation in a number

of rapidly quenched A~2O3- and Ti02-based binary oxides, the inability

to form NCS may be attributed simply to the limi tations of the quenching

techniques. Therefore, it is conceivable that binary alloys of AL203-Ti02
may form NCS through extremely rapid cooling from the melt. This may ex-

plain the fact that NCS phases were only observed in the thin regions of

the as-sprayed particles , and were not detected wi thin the thick regions

or in the coatings which contain particl es undergoing lower cooling rates.

Furthermore, the glass formation is generally found to be easier in

compositions close to the deep eutectic composition of a system. Al though

this is not a necessary condition , it is found to be true in may systems

(23,24). For example , in flame sprayed or splat cooled binary oxi des of

At203-Si02, Az203-Y203, Ti02-BaO , and some others, the highest crystalliz-
ation temperature and stability !eglons are found to be associated with

the eutectic composition of each systems (23). Based on these observations

and the examination of the A&203-1i02 phase diagram , it may be suggested

that NCS phases can be formed by rapid quenching from liquid for compositions

containing about 40 wt% 1102.

C. Microstructure of Sprayel Titania Coatings

Al though stoichiometri c titania possesses a well characteri zed tetrag-

onal syninetry, it can lose oxygen readily and form a number of closely re-

lated suboxides (Magnel i phases). The nature of slightly reduced titanium

dioxide has long been the subject of many - comprehensive investigations.

However , very little is said about the structure of rapidly-quenched titanla,
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and the formation of non-sto ichionietric suboxides .

The as-received powder was mainly composed of rutile , although

lat tice parame ter measuremen t showed traces of sl ig htly reduced ox ide,

which is coninor~ly found in such fine titania powders . Upon spraying ,

however , thi s ox ide under goes extens ive reduc tion and the change in

oxidation state of Ti ions is accompanied by a color change from

yellowish-white to a bl ue-bl ack. In addition to rutile , a reagen t

grade anatase powder was also obtained and sprayed under similar con-

ditions. The sprayed coatings thus—obtained had a rutlie crystal

struc ture , and were in general identical to those prepared by the pre-

vious powder. Furthermore, both types of coatings we re extremely

temperature sensitive and showed local discoloration because of over-

heating during the spraying process.

Substrate-free titania coatings were plasma sprayed to approxi-

mately 750 um thickness and then ball milled to -400 mesh (< 44 urn)

size for x-ray analysis. The coatings were found to consist of the

oxygen-deficient rutile and the Magneli phases (Ti n 02n1’ ~ < n < 10),

Fol lowing the Ti-O phase diagram and the x-ray study of Anderson et al.

(25) the various phases present wi thin the sprayed coatings were identified .

In the coating sprayed wi th a Ar/H2 plasma in ai r, the phase wi th the

highest degree of reduction from stoichiometric Ti02 which could posi-

tively be identified was 11407. Concurrently however , were a number of

other phases closely related to the reported structures (25) of T1509,

118015,119017, and T110019. All of the above oxides of ti tanium have

a triclinic structure with nearly equal unit cells. Therefore, quanti -

tative determination of each phase was difficult , particularly since

some spray-technique dependence was observed for the various phases

present In the coatings.
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The formation of an oxygen deficient lattice in rutile is accom-

modated by the production of structura l defects. For the sprayed titania ,

the defects are mostly formed in the particles at high temperature near

the melting point (1830°C) and are retained in the rapidly solidified

layers . At room temperature , the defects are normally found to be in

the form of planar crystallographic shear (CS) planes. A TEM mi cro-

graph of an ion thinned rutile coati ng clearly reveals the planar faults

found in parallel bands throughout the polycrystalline region (Fig. 5).

The transgranular and intergranular cracks are caused by the thinning

process during the sample preparation. Electron diffraction analysis

of similar areas wi thin the various samples indicated that the shear

planes were mostly parallel to one of the { 132} , (101), or (121 1 planes

of the rut-lie structure. Bursill et al. (26) have suggested an ordering

mechanism operating wi thin the reduced rutile riiatrix which is dependent

on the concentration and the type of defects. According to their results,

the disordered { l32 } and (101 ) planar defects form in the TiO2_~
(x %0.005 ) phases, and as the defect concentration is increased

(0.1 < x < 0.25), the orientation of the defects is ordered into (1211

shear planes . The presence of all these shear planes in the sprayed

titania , as observed by TEM , indicates that tie rapidly solidified layers

are composed of a mixture of the Magneli phases of rutile, which is

consistant with the x-ray results.

The ordering phenomenon of the defects in nonstoichiometri c rutile

is also found in the present TEM study. Since the rapid cooling rates

achieved in plasma spraying can practically freeze—in the high-temperature

m i crostruc ture , the early stages of ordering of defects in reduced rutile

could be examined . Thin layers of rutile were sprayed onto a water-

cooled metal surface by rapidly traversing the plasma gun. TEPI examination
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of the ion thinned sanIp1e~ revt sled a defect rnor~:~~logy different from

those shown earlier. Figure (6) presents bright and dark -field images ,

and the corresponding SAD pattern of an area w ii ch contains a large

number of singul and network dislocations. There is a high concentration

of dislocation loops , some forming a network of low-angle grain-boundary-

type morphology. It j~ believed that the dislocation loops can interact

wi th the oxygen vacancy clusters which form on the (132 1 planes during

the early stages at low oxygen vacancy concentrations (27). The shear

planes grow by trapping more vacancies and form needle-like defects on

the (1321 planes in the rutile . In the areas wi thin the sprayed rutile ,

wi th greater reduction from stoichiometry, the (132) shear planes are

eventually ordered into (121 1 planes. However, the exact mechanism for

the latter process is not well understood.

The degree of reduction from T-102 composition is of considerable

importance since it mi ght well influence the properties of the sprayed

coatings. For example, the dense structure of the pure titania coatings ,

or the densifi cation observed in At203-Ti0 2 mi xed coatings as influenced

by Ti02 content, may be due to the presence of non-stoichiometri c rutile

phases. The suboxides of titania melt at temperatures considerably below

stoichiometry Ti02. Al so, because of their oxygen-deficient structure ,

these suboxi de grains can wet other oxides (e.g., AL203) more readily and,

therefore, increase the particle- particle cohesive strength. On the other

hand ,structural defects and non-stoichiometry can effect the strength of

the oxide structure. For slightly reduced polycrystalline titania this

effect was shown by a larger than 30% decrease in elastic modulus for

only a 2% change in stoichiometry (28 ). Therefo re , strengthening of the

1i02-containing coatings , due to improved particle bonding , is impaired

by the lowe r strength of the free titania grains.
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As mentioned earlier , the lowest composition of titanium oxide ob-

served here in the sprayed coatings was that of Ti 407. The oxides wi th

lower oxygen content are T1305 and 1i 203, which possess monoclinic cel l

structure and have a limited range of homogeneity . Neither of these

oxides were detected in the coatings sprayed with Ar/H2 plasma in air.

However , the stoichiornetry of the sprayed titan- la coatings showed some

dependence on the hydrogen content of the plasma ; changing the secondary

hydrogen gas from 5 to 20 vol.% of the argon primary resulted in a slight

phase change towards the lower oxides (e.g., Ti407). This phenomenon

is , however , attri bu ted to the increase in plasma temperature due to the

addition of hydrogen and thus the superheati ng of the rutile particles

inj ected into the fl ame . A similar trend in oxygen dificiency is obtained

by increasing the plasma temperature (via increased KVA), while keeping

the hydrogen content the same. It should be added that the plasma flame

operated in air usua l ly contains a larger fraction of atmospheric oxygen

which can oppose the effects of hydrogen addition. It is believed that

the spraying of titania in vacuum or inert controlled chambers might re-

suit in a substantial reduction of the oxi de.

0. Acousti c Emission Study of Plasma-Sprayed Oxide Coatings

A major deficiency of thermal sprayed protective oxide coatings is

their porosity . This porosity , which can lead to fracture, comes about

from the thermal spray process , but can be largely controlled by modifying

powder particle size as well as spray velocity . The porosity normally

ranges from. several percent for carefully controlled plasma spraying to

15 percent for oxyacetylene flame spraying , by volume . Porosity of thermal-

sprayed A1203 can be considerably reduced by oxide additions (eg., 1102,
Zr02,Y203) (8).
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The main concern arisin g from porosity in oxides is their giving

rise to failure by acting as crack initiators. Also, pores might rep-

resent paths for easy crack propagation.

As part of this program we sought to use the technique of acoustic

emission (AE) to monitor acoustic-generati ng processes in porous thermal-

sprayed oxide ceramic coatings on steel substrates. This AE study is

being carried out jointly wi th Professor K. Ono of UCLA , also a ONR con-

tractee. Non-destructive evaluation (NDE) techniques for such coatings,

of the order of 0.005 inches (0.13 tm~) thick , are virtually non-existent.

We thus employed AE to examine cracking and mechanicall y-induced pore

closure processes in these coati ngs. It soon became clear that the

coating undergoes local densification and/or crack-distri bution modifi-

cation under indentation loading . An initial report of this study is

presented here in the hope of stimulating the use of AE techniques for

the characterization of oxide coatings for NDE purposes. Though the

tests carried out here are not non-destructive , the AE associated wi th

these tests does suggest that strictly NDE tests could in fact be formu-

lated using the AE concept.

A range of aluminas and alumina-titanias have been flame or plasma

sprayed in air. The plasma-sprayed oxide coatings were deposited by a

40 KVA non-transferred , dc plasma gun. The flame-sprayed coatings were

prepared by a conventional oxyacetylene gun which is modifie~
1 for the

spraying of oxide powders. The spraying parameters were those suggested

by the manufacturer and were further optimized for each of the oxide

powders.

The cold-rolled mild steel substrates were cleaned and then gri t

blasted (750 um angular A12O3 gri ts) prior to coating. For indentation

tests , the as-sprayed coatings (‘~25 mils , 635 nm) we re ground wi th 150 nm

diamond wheel to a thickness of approximately 23 m lls (580 nm). Porosity

i
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was measured by Mercury Intrusion Porosimetry , as described in previous

reports and publicatio ns (9,29).

For AE measureme nts , a pie zoe l ectr i c AE trans ducer (Model AC 17 5L ,

Acoustic Emission Technology Corp. (AETC), Sacra men to, CA.) was coupled

to the coated sample via viscous resin (Model SC-4, AETC). AE signals

were fed to a signal processor (Model 204, AETC) through a preamplifier.

Total gain of the system was 94 dB wi th the threshold level of 1 volt.

The inden tation was made at room tempera ture by a Br i nell Hardness

In dentor , applied into the coating wi th a load of 500 kg. The total

number of acoustic emission events were recorded digitally on the sign .tl

processor during and immediately after the removal of the indentor. Each

AE count represents the average of at least six AE determinations.

Table I shows the results for a total of 5 experiments. Note fi rst

the difference in acoustic events between plasma- and flame-sprayed alumina.

The plasma-sprayed coating had 8 to 9% porosity , and it yielded an average

AE counts of about one-half that for the flame-sprayed coating which had

about 15% porosity. Additions of titania to alumina reduced the porosity,

as well as the observed AE counts. The plasma-sprayed mi xed (fused) oxide

produced decreasing AE counts wi th an increase in additive : 40% Ti02
addition to A1203 reduces through-porosity by one-half , an d als o reduces

the average number of AE counts by a ractor of about 5. A difference in

AE counts between composite and fused powders for 40% h O 2 additions was

not highly significant (however, see below). Note that there was no indi-

cation of debonding at the interface after the indentation was made.

The dramatic decrease in AE generation with increase in density

suggests that the observed AE phenomena In the oxide coatings studied

here are pore-controlled . We have observed from scanning electron micros-

copy (SEM) that large cracks propagate from the region of the hardness

- 
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TABLE I

AE Events (500 kg Load wi th 10 mm Indentor)

Samples Porosity Total Counts
(Vol. %) (X 103)

Al 203 (Oxyacetyl ene) 15 308

Al 203 (Plasma) 8—9 139

Al 203-13 w/o 1102 6 85
(P1 asma-Fused)

Al203-40 w/o h O 2 4 39

(Plasma—Fused)

Al203-40 w/o Ti02 
4 26 -

(Plasma-Composi te)

- --- - - - - - - - ------

L - - 
~~~~~~~~~~~~~~~
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indentation . Such crackicg is undoubtedly associated wi th pores wi thin

the structure. An additional possible source of AE will be the mechanically-

induced closer of pores.

Of further interest is the difference in AE between the fused and

composite (mixed and sintered) A1 203-40 w/o biO2. The fused product shows

50% more AE than does the composite. On the other hand , both coatings

show similar porosities. The technique of mercury intrusion porosimetry

shows only surface-connected pores, whereas It appears that AE is sensitive

to all the pores present in the coating.

Fur ther AE tests were carr ied ou t on p l asma sprayed ox ide coa ti ngs

on steel . These additional tests have involved thermalcycling to test

the adhesive bond strengths of the coatings and the role played by differ-

ential thermal expansion on delamination between coating and substrate.

Tested were A1203; A1203 wi th 2, 13, and 40 wt.% h O 2; Ti02; and Zr02. -

The coatings were sprayed onto one end of a 10 cm long steel substrate,

the other end to which was attached the AE transducer. The coated end

was then placed in a furnace at 820°K and the AE was followed duri ng

heating and d uring air-cooling , after removal of the test specimen from

the furnace. The experimental arrangement is shown on Fig. 7.

In Table 11 is given the results of our prelimi nary tests. T5 is

the temperature at which the AE signals were first detected, total NH

was the integrated AE count from T~ to the maximum temperature of the

furnace, and Total N
~ 

was the total AE count on cooling from the maximum

temperature to 423°K. Fig. 8 shows AE counts vs temperature for the

A1 2O3 and alloy coatings , and Fig. 9 shows the situation for the three

oxides tested .

— -  
_______________ - -
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TABLE I I

Sample T
~

(K) Total NH Total

Al 203 396 1265 760

w/2% TiOS-, 449 110 
- 

80

13% “ 570 75 45

40% “ 493 408 65

1102 538 380 340

Zr02 590 820 180

S. 

_ _  

_  
I
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While this work is ~urrently continuing, initial conclusions can

be made. Possib le origins of the observed AE signals are microcracking

wi thin the oxide coating and adhesion at the coating-substrate inter-

face. Of course differential thermal expansion between coating-and-

sbustrate could be the cause of the AE events. Anisotropic thermal

expansion between grains may also contri bute to microcrackin g. However,

there is apparently no significant effect of AE on coating thickness ,

which would indicate that the AE was not originating principally wi thin

the coating “bulk 1’ itself. (Further studies of the free,- self-supported

coating will be carried out during the next contract period to resolve

this point).

Relative to Table II ,it is to be noted that Al 203 is by far the

noisiest , with a major decrease in AE resulting from alloying wi th h O 2;

13 wt% appears to yield the minimum overall AE counts , with 40 wt%

showing an increase in AE. Clearly, the pure TiC2 and Zr02, though lower

i n overall  AE coun ts than pure Al 203, still show higher AE than does the

13 wt% TiO2 alloy . This result is consistent with the well known indus-

trial fact that this alloy yields a minimum wear rate.

Thermal expansion measurements of the oxide coatings have begun in

an attempt to correlate the above AE results with differential thermal

expansion phenomena. The above experiments are continuing.

The details of the sources of AE within oxide coatings must await

further experimentation , wi th particular emphasis on the ultra-micro-

structure eneath the indentor. Such work is currently underway.

These preliminary measurements indicate that there may be utility in

AE as an non-destructive evaluation method for thermal-sprayed coatings.

-
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Cavitation —Erosi on in Distilled Water and in NaC 1 Solution

In previous reports (3—5) from this program , considerabl e discussion

was presented on both cavitati on-erosion and on salt water corrosion .

During the last contract period, a synergistic approach was taken relating

the mechanica l to the corrosive effects . While the main results of this

aspect of the program have yet to be developed ( the work Is currently in-

progress), the high points wil l be reviewed here.

In Fig. 10 are shown three wei ght loss plots for cavitation-erosion

- : in distilled water (Ow ) for as-sprayed Zn, Zn—l5% Al (ZA), and Al .* Cl early,

Al shows the best overall cavitation behavior , with Zn display ing the greatest

total weight loss. The ZA alloy falls in-between . Note, however, that

Zn gives the least initial rate of weight loss.

SEM cross—sections indicate that the Zn coating has the minimum por-

osity (Fig. 11— 13), which points out that at least the initIal cavitation

attack is dependent on porosity. The overall weight loss of the Zn is the

greatest of the three coatings , and since it may be assumed from our knowl-

edge of bul k behavior that the Zn will experience the hi ghest work hardening

of the three, it is tentatively concluded that the large weight loss for

the Zn coating is due to its rapid rate of hardening during cavitation ,

and thus enhanced fracture relative to Al and ZA. This Is consistent wi th

cavitation behavior in DW of bulk materials , where Al shows an incubation

time prior to weight loss of 45 mi nutes , and Zn shows essentially none; Fi gs .

14 and 15.

* The materials were all oxyacetylene flame sprayed using the parameters
given In Tabl e II. Cavitation was carried out using an exponential
horn wi th WC tip spaced 0.008 inches away from the specimen at a frequency
of 20 KHZ. The tip ampl i tude was 10 urn.
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On the basis of the above arguement, the ZA alloy would fall in—

between the weight loss curves for the two base metals , and , indeed , based

on prel iminary measurements of bulk ZA , it does .

It is concluded from the above, that pores in themselves are not the

main reasons for failure in OW under cavitation attack. However, It is

important to note that different behavior is observed in NaCl solution (SW),

as will be discussed bel ow .

The rate of weight loss for these coatings is given in Fig. 16 for

both DW and SW, as well as for the coatings that have been cold rolled

(40% reduction of the coating thickness). The main observation is that

the rate of weight loss for the ZA alloy is essentially unchanged , whereas
the cavitation—erosion effects for both Zn and Al coatings will very much

depend on the liquid.

Potentiometric measurements were coordinated with weight loss measure-

ments using the experimental arrangement shown in Fig. 17. In these ex-

periments , potential measurements were carried out on the cavitation specimen

using an interruption technique with the test solution maintained at 25°C.

Potential measurements were made at specifi ed intervals, and are plotted

together with weight loss for the Al coating in Fig. 18. - It is to be
S noted that the as-flame sprayed coating shows the greatest electrochemical

activity , a major shift In potential occurring after 200 seconds of cavi-

tation . The rolled coating Is seen to be considerably less active , with

the rolled—and—sintered coating showing the least active behavior. As

opposed to the wei ght loss behavior in DW, it is clear that porosity is

here playing a key role , since it is well known that both rolling and

sintering will substantially decrease porosity: (See Fi gs. 19 and 20). 
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In summary, for cavita tion in DW , two important effects appear to

predominate : pores an~ work-hardening. The Zn coating, though by far

the l eas t porous , shows the greatest overall weight loss in a cavitation

field. This , we suggest, is due to the hi gh work hardening rate experi-

enced by the Zn , and Is consistent with the results found for bulk materiaL

On the other hand , when the porosity of Al is reduced by rolling, or

rolling— and_ s-jntering, the rate of weight loss is somewhat diminished ,

but this effect we attri bute to a decreased porosity . In the case of the

ZA alloy coating, when the porosity is found to be slightly greater than

for the Zn , work hardening is expected to play a major role in coating

degradation .

Conditions of salt water (SW) cavitation-erosion are somewhat different

and will be treated separately here. Fig. 16 showed compari sons between

OW and SW for the base metals and the alloy in both as-sprayed and rolled

conditions. Again , the rate of weight loss for the ZA alloy does not

depend on the solution or coating condition . On the other hand , the

degradation of the Al coating will depend greatly on the solution , the

maximum rate of weight loss increasing from 65 to 80 ugs/sec in DW and SW,

respectively.

Cavitation erosion is generally considered to have a mechanical and

corros ion component (30,31). However , as the rate and intensity of cavi-

tation is increased the mechanical component is considered to gradually

exceed the corrosion effect.

The conditions of our cavitation experiment are indeed of a hi gher

intensity and rate. It is there fore surprising to find such a dependence ,

of cavitation breakdown rate for coatings, upon the nature of the con-

ductivity and corrosivlty of the solution. For example , it is seen from

Fig. 16 that the initial rate of cavitation of Al coatings is seen to

markedly increase in 3.5 wt% of NaC1 compared with DW. A smaller dependence

- - - -- - - — - —-- - -——-- - — - -  _ . ‘ - -  
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is seen for Zn , and the ZA shows n~ significant change. It is additionally

seen from FIg. 16 that rolling radically reduces further the cavitation

rate of Al , but has nio signifi cant effect upon Zn and ZA. It is, therefore,

reasonabl e to assume that porosity has a major influence upon the corrosi on

component of cavitation for Al. Al produces coatings of far greater porosity

than eithe r Zn or ZA; see Fig. 12. Added to this must be the general sus-

ceptibility of a coating to localized breakdown . Al is indeed particularly

susceptibl e to pitting in 3.5 %Wt NaC1 solution (32).

The mode of corrosion which is most likely to affect the rate of cavi-

tation behavior of Al coatings is that of crevice corrosion . Crevice cor-

roslón in chloride solutions have been shown to be a special fo rm of pitting

behavior (33). The high refreshment rates at the external surface of

coatings under cavitation conditions contrast with the stagnant conditions

anticipated inside pores . Stagnant conditions may be expected to lead to

conditions favorable to pittin g Inside the pores . Hence A1~~
’ build-up,

attracting Cl ions into the pores to achieve charge neutrality . Hydrolysis

would then result in a lowering of pH , creating a sel f-buffering solution

of saturated hydroxide : (34)
+ H20 = Al (0H)2~ +

This anodic dissolution woul d be supported by the cathodic reaction , pre-

dominately at the outer regions of pores , due to the high oxygen refreshment

rate of the externa l surface:

02 + 2H2O + 4e -
~~ 40W

The in te rna l  attack of pores in Al coatings may reasonably be expected to

concentrate at the interface of particles , as stresses woul d be greatest

during cavitation at these points of the coating. The brittle nature of

the oxide particle-particle interface , would be highly susceptible to

stress—assisted attack.

-- - ~~~~~~~~~~~~~ 
_ _ _ _ _ _
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Rolli ng Al coatin gs will thus remove a major weakness In the corrosion

Integri ty of these coatings (Fig 19). The effect of corrosion upon the

rolled surface may be expected to be centered again at crevices, these being

partially sealed pore openings and surface cracks . Sintering, aimed at

met allurgi cally sealing these surface flaws as well as stress annealing

the surface would therefore further remove sites of activity from the

coating surface . It has previously been demonstrated in Fig. 18 that fewer

active sites are opened up in a given time of cavitation , as Indicated by

the reduced rate of the negative potential shi ft measured at open circuit.

Zn and ZA are less porous than Al and are likely to be more metallurg-

ically bonded at interpartic le boundaries owing to the high vapor pressure

of ZnO. The activity of Zn and ZA is seen from Fig. 21 to be greater than

Al and only slightly increased wi th cavitation . Again Fig. 16 demonstrates

that Zn and ZA are less prone to corrosion—assisted cavitation erosion .

It is expected that for these coatings, corrosion -is of more uniform

nature . For Zn it is found that the greatest reduction in the initial

rate of erosion Is observed for 3.5 %wt NaCl , to be due to sintering (Fig. 22).

This is consistent with the higher propensity of cracking found in Zn, as

compared wi th Al. Figure 10 has shown a tendency for higher work hardening

rate in OW cavitation to lead to higher cavitation rates at longer times

of exposure. It is therefore concluded that the greater effect of sintering

in Zn compared with Al is due to stress annealing and crack sintering ,

should this be possible in the vicin ity of the crack tip. Therefore, for

metal coatings of l ower pitting susceptibility the mechanical component

may be expected to far outweigh that of corrosion .
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PUBLICATIONS

“Plasma-Spray Coatings - Their Ultramicrostructure ” , S. Safa l and
9 H. Herman ; Prgc. of the International Conference on Advances In

Surface Coating Technology, 1978 , British Welding Society, London .

Theses produced during last contract period.

V. Wilms ; “The Microstructure of Plasma Sprayed Ceramic Coatings ”,
Ph.D., June, 1978.

S. Sa fai; “A Microstructural Investigation of Plasma—Sprayed Metal
and Oxide Coatings ” , Ph.D., May, 1979.

J. Vargas ; “Thermal-Sprayed Active Coatings for the Marine Protection
of Steel” , M.S., May, 1979.

Papers to be published:

“AE Emission Study of Plasma-Sprayed Oxi des ” ; S. Safal , K. Ono and
I-I . He rman , Ceramics Bulletin.

“Acoustic Emission Evaluation of Plasma-Spraye d Oxi de Coatings ” ,
S. Safa-f , K. Ono and H. Herman , to be presented at the International
Metallurgical Coatings Con fe rence, San Diego , CALIF. Apri l, 1979. To
be published , Thin Solid Films .

_ 
_  _

_ _ _ _ _ _

— -—-5- —5-.-- -‘ - _ _ _ _ _ _

—--5-- —-- .— —~--—-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — —-5 ________ 
—



‘—S.——-— ~~~~ — —
~~~_~ 

- - - - --—- ,—--- _ - -5 — --- _ - -- --

- 60 -

REFERENCES

1. AmerI can Weld ing Society Corrosion Tests of Metal l ized Coated Steels,
12 Year Report , AWS Report #C2.ll-67 (1967).

2. “Corrosion Tests of Flame Sprayed Coated Steels ”, Ameri can Welding
Society 19 Year Report, AWS Report 1C2.14-74 (1974).

3. “The Response of Coated Steels to Cavi tation in Corrosive Envi ronments” ,
1st Annual Report to ONR on Contract No. N000l4-75-C-l018, May, 1976.

4. ibid, 2nd Annual  Report , May, 1977.

5. ibld, 3rd Annual Report , May, 1978.

6. Das, A.R. ; “Liquid -Solid Transformation Kinetics in Al uminum
Oxi de” , Ph.D. Thesis; UCRL , Berkeley , Ca. (July 15 , 1964).

7. Dragoo, A.L. and Diamond , J.J.; J. Amer. Ceram. Soc . 50, 568 (1967).

8. V. Wl lm s and H. Herman , “Plasma Spraying of A12O3 and Al 203—Y203
1’,

Thin Solid Films, 39, 251—262 (1976).

9. S. Safai and H. Herman , “Microstructural Investigation of Pl asma—
Sprayed Al uminum Coatings ” , Thin Solid Films , 45, 295-207 (1977).

10. Krepski , R.P.; “The Liquid— Quenching of Laser-Melted Oxides ” ,
Master degree Thesis , SUNY at Stony Brook , N.Y., Aug. 1975. - -

11. Lippens , B.C. and De8oer , J.H. ; Acta Cryst. 17 , 1312 (1964).

12. S. Safai , “A Microstructu ral- Investigation of Plasma-Sprayed Metal
and Oxide Coatings ” , Ph.D., May 1 1979.

13. Bagley , R.D., “Effects of impurities on the sintering of alumina ” ,
Ph.D. thesis, Univ. of Utah (1964).

14. Wink ler , E.R. and Cutler , I.B., “Cerami cs microstructures ” , Ed. R.M.
Ful rath and J.A. Pask; J. Wi l ey & Sons, (1966), pp. 267—276.

15. McKee , W.D., Jr. and Alesh in , E., J. Amer. Ceram. Soc. 46, 54 (1903).

16. Gan~, M.S.J. and McPherson , R., J. Australian Ceram. Soc._~ , 65 (1972).

17. Tkachenko , Uy. G. et al., Soviet Powder Metallurgy and Metal Cerami cs
16(6), 454 (1977).

18. Lange , S.M., et al ., J. Research of the National Bureau of Standards ,
48 (4), 298 (Apr. 1952).

19. Bailey , J.T. and Russell , Jr., Trans. Br. Ceram. Soc. ~~(4), 159 (1969).

20. Rasmusson , J.J., et al., J. Amer. Ceram. Soc., 48, 146 (1965).

21. Garvle , R.C , “Zirconium dioxide and some of its binary Systems”,
in High Temperature Oxides , Ed. by A.M. Alper , 1970 , pp. 118—167.

- 
-~~~

11 
.~ : - — -5-- -- — - - - -

-5 -5- —S-——-—-- - 5- — -  -S-
-
~ -.— ~~~~~~~~~~~ ~~~~~~~~ — ----

-~ - - -



- — ~ - — —5-—- ----~---‘----— — ---------———------- ~~~~~~~~~~~ —

• S

-61 -

22. Suzuki , T. and Anthony , A.M., Mat. Res. Bull. 9, 745 (1974).

23. Takamori , T. and Roy , R., Advances in Nucleation and Crystallization
In Gl asses” , Ed. by L.L. Hench and S.W. Freiman , Amer. Ceram. Soc.
1971 , pp. 176-182.

24. Takamori , T. and Roy , R. and McCarthy , J., Hat. Res. Bull. ~~~, 529 (1970).

25. Anderson , S. et al., Acta Chemi ca Seandinavica 11, 1641-1652 and
1653—1657 (1957).

26. Bursill , L.A. and Hyde, B.G., Phil. Mag. 20, 347 (1960). Al so 23,
3 (1970).

27. Anderson , J.S. and Hyde , B.G., J. Phys. Chem . Solids , 28, 1393 (1967).

28. Minnear , W.P. and Bradt , R.C., J. Amer. Ceram . Soc. 60, 458 (1977).

29. S. Safal and H. Herman , “Plasma—Sprayed Coatings : Their Ultra—Micro—
— structure” , Proceedings , International Conference on Advances In

Surface Coating Technol ogy” , 13— 15 Feb., 1978 , London, The Welding
Institute , Britain , 1978.

30. M.S. Plesset , CorrosIon , 18, No. 5, p. 181 (1962).

31. H.S. Preiser and B. G. Tytell , Corrosion 17 , No. 11 , p. 107 (1961).

32. H.P. Leckie and H.H. Uhllg, J. Electrochem . Soc., 113 , p. 1262 (1966).

33. Z. Szk larska —Smialows ka and J. Mankonski , Corrosion S d . ,  18, p. 953,
(1978). —

34. 1.1. Rosenfeld and I.K. Marshakov , Corrosion , 20 , 115 (1964).

“ —

~

--— - 

~~~~~~~~~~
-— 

_ _ _ _  J


