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“Properties of Materials Quenched From the Li quid Stat e ”

H. Herman
Department of Materials Sc ience
St ate Universi ty  of New Yo rk

Stony Brook , N . Y. l1791f

I; INTRODUCTION

This Army—supported research program on liquid—quenched (Lc ~) alloys and j
ceramics has evolved from the period of 1970 to 1976 from the fundament al to

the applied. Initially , it was the goal of th i s  study to examine in some

detai l the structures that develop on the annealing of I~~ (splat cooled)

alloys . The k ine t ics  and resulting morphologies were subjected to careful

examination rising x—rays and transmission electron microscopy (TEI.1). A

central aspect of the program concentrated on small angle x—ray scat ter ing

( SAXS ) from LQ aluminum—based alloys . The alloys of aluminum containing Ag

and Zn are two systems which show spinodal decomposition behavior.  In fact ,

linear spinodal behavior was observed to occur in th is  study when LQ samples

were studied with  SAXO .

Following the aluminum alloy studies , as well as other alloy syste :n s t u di e r ,

oxides we re examined.  A number of LQ techni que s were developed and explored ,

based mainly on laser melting and plasma spraying . The la t ter  technique has

in fact given rise to a new program — current ly unde r support  by ONR - on

pro tec t ive  coatings . The spinodal wnrk is cur rent ly  cu lmina t ing  in a program

par t ia l ly  Cunded by NATO ( f o r  internat ional  travel ) and employing small—angle

neutron sca t te r ing  ( SANS) at ILL—Grenoble , France , to study spinodal decomposi-

t ion  in the Pt—Au alloy system. (An additional point of interest r e l at ive  to

Au—Pt : In conjunct ion with workers at NRL - J . K. Hirvonen — and ori g L . t t in g

L _ _  
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from this  ARO program , has emerged an in te res t ing  study using ion implantat ion

to fo rm highly metastable alloys . We have thus observed wi th  TEM a spinodally

decomposed amorphous surface in Au—implanted Pt. It is estimated that the

“quench rat e” in such a situation may be 1012° C/ s e c ! ) .

The U.S .  Army Research Off ice  program has thus enabled numerous closely

related studies of the u t i l iza t ion — both sc ien t i f i c  and applied — of LQ

methods . New theoretical developments used to calculate the actual sp inodal

have evolved , and a number of LQ methods for wo rking wi th  oxide s have been

invented and perfected.

In the following are listed the main accomplishments of th is  ARO program.

It will be apparent that a large number of ideas have originated from this

research.

II. LQ DEVICES

Shock tube method:  This technique has been commonly employed to i ’orr

LQ specimens . The original device was constructed by P. Duwe n sane y~~u’r ago

and represents the simplest means of fabr icat ing a porous and flaky specimen .

W i t h  some care ,a semi—continuous foil is formed , permitting SASS s tud ies .

Generally , the TE~ specimens do not have to be thinned , since a si gn i f i cant

proportion of the foil is electron transparent and requires no further thinning.

However , we have available an ion th inner  and using th i s  th inn ing  techni que

enables us to obtain an extremely f ine  specimen for ‘[‘SM , for both alloys and

cerami c mater ia ls .

‘I’oi’sion Catapult: This  method was developed in orde r to obtain a more

continuous fo i l .  A program was carried out using Al—base Ag, in which SAX S

was employed to examine spinodal decomposit ion following tors ion catapult LQ.

In th i s  method a molten specimen is propelled out of a curved furnace by the

L ..~~~~~~~~~ .~~~ .~~~
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released ener~~ utored within a torsion catapult . The specimen then striker

a copper slide and rapidly solidifies (1).

LQ of Laser—Melted Oxides

Lasers offer attractive heat sources for LQ systems . We have in th is

program devised a new method for the LQ of oxides.

LENS SOL ENOID
SPECIMEN

HAMMERCO r AND ANVIL TR IDG ER ING TRI G G ER I N G SPR~~GLASER DEVICE ARM SOL ENOID

Fi gure 1

The technique ut i l izes  a high intensity continuous—wav e laser , together with a

h ammer—and—anvil quenching device (Fig.  1). The h ammer—and—anvil apparatus is

similar to that f i r s t  developed by Pietrokowsky ( 2 ) .  A liqui d drop is caught

between the copper faces of a rap idly moving h ammer and a stat i onary anvil.

Quench rates of about iü 5 °C sec~~ have been reported for metals quenched in

th is  manner.  Oxide quench rates are , however , expected to be lower.



A cont inuous—wave CO2 laser with a maximum output of ~OO V is employed.

The beam is focused by means of a water—cooled gallium arsenide lens having a

focal length of 12.5 cm. The radiation incident  on the specimens has a power

density of about 5 x lO~ W crn 2, with  the beam defocused so that the incident

spot diameter  is approximately equal to that of the specimen rods (0.1 in . ) .

It is found that  droplets do not fai l off the specimen rods because of hi gh

aurface tension . A solenoid is , therefore , employed to knock molten drops

off the specimens. A signal from this solenoid is used to activate the trigger

solenoid , releasing the spring—loaded h ammer.

The fi rst material investigated was a—A1 2O 3 (9 9 .5~ pu r i t y ) .  The melt ing

point of th is  material (2050 °C) is low enough to allow easy melting , but

s u f f i c i e n t l y  high to test the feasibil i ty of the technique . Several phases

of alumina are obtai n able under various conditions . The phases present in

liquid—quenched specimens might be expected to reflect the quench rate.

Specimens generally wei ghed about 100 mg, with diameters ranging from

0.5 to 1.5 in.  and maximum thicknesses of approximately 0.002 in .  (50 j i m ) .

Edge regions , however , were much th inner .  The central  regions of some specimens

were almost t ransparent .  Debye.-Sciierrer analysis revealed that  these trans-

parent central areas were composed largely of sietastable 6—alumina. The outer

edges of the specimens we re predominantly a—alumina , which is the  usual phase

obtained when A1203 is sol idi f ied normally from the melt . The quench rate for

the center of a specimen should indeed be hi gher than that  for the outer  edges ,

since the center makes contact wi th  the hammer—and—anvil faces L ’ir st .

Specimens suitable for TEM were prepared by means of ion— LI  ~~~~~~ Sel-

ected—area d i f f r a c t i o n  indicated that 6—a lumina is obtained at the  center.

Also , there is good evidence tha t  an amorphous oxide layer is forme d adjacent

to the anvil faces.

_
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I I I .  REV 1EW S OF kLLOY SYSTEMS STUDIED IN THIS PROGRAM

Al-7 Zn

The kinetics of GP zone formation in liquid—quenched Al— T at .% Zn ‘was

studied with small—angle x-ray scattering. It is foun d that liquid quench-

ing y ields a solid solution in the as—quenched condition which is signifi-

cantly less clustered than for solid quenching. In addition , the aging

kinetics of the liquid-quenched specimens was observed to be significantly

slower than that for solid—quenched specimens . The results indi cate that slow

aging in liquid—quenched alloys result s from the absence of a high concentra-

tion of quenched—in mobile vacancies. It is thus suggested that liquid

quenching effectively enables studies of the earliest stages of phase separa—

tion in precipitation hardenable alloys .

A~ —“~
‘ 7’i

~dy was initiated on this alloy because Rundman and Hilliard con—

..at spinodal decomposition is occurring on aging at 65°c after SQ
5 3 ) .  i!o’~.ever , an unexplained early transient led to some uncertainty as to

the exact mode of decomposition. In fact , the main question was whether

solut e clustering , which might have occurred during the quench , would confuse

the interpretation of the results (1~). It is known that bulk Al—Zn has a

strong tendency to decompose during quenching ( 5 ) .  We thus undertook to

resolve this question by LQ of A1—22 Zn. LQ should result in a more random

(i.e. supersaturated) solid solution.

Indeed , a part icularly suit able applicat ion of LQ shoul d be in studies

of early—stage spinodal decomposition . When the free ener~~ of a super-

saturated solution can decrease with the development of the smallest fluctua-

tion in composition , the solution is unstable and can decompose spontaneously.

In this situation , the essential limitation to the formation of a . new phase is

- -
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kinetic , since the a:.1y barrier to solute partitioning is diffusion. Thus,

up—hill diffusion (the development of gradients) is possible in regions of

the free energy—conrosition plot where the second derivative of the free

energy relat ive to composition is negative ; ~
2f/ ~ c2 < 0. Based upon thi s

premise , a kinetic theory has been formulated which predicts that decompo—

sition will occur by the selective growth of sinusoidal composition fluctua-

tions ( 6 ) .  The fluctuations will have a narrow ban d of wavelengths clustered

aroun d one having a maximum growth rate. The occurrence of the maximum

is due to a balance between two competing effects: Cl) The ~~‘owt h rate

increases with decreasing wavelength because of a reduction in diffusion

distance; and (2) The gradient energy increases with increasingly sharper

composition fluctuations , i.e. with decreasing wavelength. The wavelength

for which the growth rate is the maximum will depend on temperature and

solution parameters.

An approach particilarly useful for studying the spinodal mode is due

to Rundznan and Hilliard , who recognized a formal correspondence between the

Fourier anplitudes of the composition fluctuations and the amplitude of the

x—rays scattered by these fluctuations ( 3) .  The x—ray intensity profile , and.

its development with time , is thus shown to be related to the evolving compo-

sition fluctuations. If the system is undergoing spinodal decomposition , and

the composition gradients are not severe (i.e., early in the reaction), then

the rate of growt h of the fluctuations can be determined. Actually, it is the

growth of the Fourier components which is bei:Ag etudied by this x-ray method.

The kinetic parameter in question is R(~ ) ,  the amplification factor for a

given Fourier component having a wavenumber B. 

. - ... -.. ..—— .-.-‘ .-. ... —.. -. .- ..‘ —--—. ..—
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In Fi g. 2 is shown the SAXS spectra for the as—LQ condition and for

o ing ac ~5.) 5 for early times (1) .  in this  plot , B is the wavenurther of the

decomposit ion waves~ and is equal to 2 ff t ines the reciprocal of the decompo-

s i t ion wavelength . The intensity at a given ~ can be considered to be

di rect ly related to the number of those waves having tha t  ~~~. Fi g. 2 thus

represelics a kinetic vic~r of the distribution of the evolving two—phase

st ructure . One can in ’rtcdiately conclude that C i )  the sy stdm is decomposing

~y the fo rmation of waves having ~eave tengti:s ~r;u~ ed a ound 3l!A° ; ( i i)  waves

hai i ng wavelengths below a cross—over point of about 22A °’ s are going into

so]. I~ ~ iOn.

co n be extracted from the data of r’i~ . 2. This is plotted in

i”i g. 3 and shows the rate of both geowth (
~ < S~) and decay (B > B~

) of the

dec omnosition waves. This plot demnustrates that spinoda]. decomposition is

in fact occurring here and that the process is being observed at a s u f f i—

c~ ently early time so t.h.~t the l inear  theory is applicable. ~Lhe reiul ts

_ _ _  _ _ _  
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~~~‘v .~~‘ .~~lr r  to those O~~~~ !’.ed by ~~~~~~~~~~~~~~~~ and Hilliard for ~~ of the

same alloy . LQ, on the other hand, remo ves the ambiguities which arise

from solute clustering occurring during the quench. TE~1 studiLs give

further support f~r a spinodal mode: A multiply—connected structure is

observed having a spacing comparable to th a t  observed ‘with SAXS.

In our view , i~ is a pe rfect ly ap~ropr iat e way of obtaining a well—

quen ched supersa~u~ ated solid solution.  Further exoeriment s of this sort

will be described for Al —Ag.

Al—28 Zn

In the comp osition range of 28% Zn are foun d. various continuous trans-

formation products as well as a grain boundary nucle ated cellular product .

The latter tends to dominate the reaction , abso rbi n g the cont . ~uous produc.t

in its path . It was of some interest to study the decomposi~ on of LQ

Al—28 Zn in an ef fcr t  to delineate the early products of decomposition .

SAX S has been used here to follow the. early—stag e process by examining

the developing in tegra ted  x—ray intensi ty during the growth of the cells.

A paremeter , Q ~f I(2 e ) 2d3 , can be used as a measure of the relative volume

f raction of a pha se.  In th~.: exp ression , I is the in tensi ty  scattered to a

diff raction angle , 20. When 1(20 ) 2 is plot ted versus scattering angle , the

d i s t r i b u t i o n  of sc at t e r e d  x — c ~ y in t e n s i ty  can be related to the size of the

par t icles .  Also , ea~ d o  X / ( 2 n i n 0 ) ~ ~ /2 0 ( for small angles)

where X is the x—ray vele~~, ~th .  This roe i~~rocal relation between spacing

and scattering angle r�rmi ts us to relat e the sca ttere d  in tens i ty  to a given

spacing. In :~~g. ~ is plattej 1(23 ) 2 ,
~~~~~ 20 for as—LQ , 35 minutes an -I 200

r~ nuLes  ‘~c 65°c. The maximum t ha t  occurs at 10 millirads (~ l55A °)  is due to

the contifluou~ matrix phas.~. The maximur ~ decreases with time and eventually

shi f t ~s to lower n~ ic~~; i .e  • , the product phase undergoes coarsening . This

hi eher I~~~ I & : p e e k  re~ resents the lirsiniching cont i nu’sse phase. Havi ng a

—-~~~~~~~~~~~~~~~ 
_ _ _
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- : ‘~ cing init ially of V~OA°, the i.~”~ r ~ng ie p ’.ak , at less than r. illirads ,

is due to the cellular phase; its position does not change with time , but

its intensi ty increases due to the growing cellular phase.

If” USC’S - QeENCH~0

~ !\ /

II 

~~~~~~~~~~~~~~~~~~~~~~~

20 (Pt~Ds4NS) . IO 3

2 
FIG. 4 .

1(20) vs: 2~ fcr a~ isg c: L.~ A —2S Zn at 65°c
f e e  different tines . (,~fter ~e:

’erence 8 ) .

Analyses of this sort , using both TE•i’ and SAXS , lead to the following

conclusions for the Al-28 Zn alloy (8):

1. The as —quenched state is characterized by a grain boundary dis-.

continuous phase arid some decomposition in the mat r ix  for both

the LQ, as well as SQ specimens .

2. SAXS results indicate that LQ leads to a share~ r particle size

distribution than SQ for the continuous phase; in the as-quenched

stat e and also during aging.

The Al-base Ag system has been studied for many years and can be con—

s~ dercd to be the prototype ideal G.P.  zone—forming sy ste~:. This system is

attractive for several reasons : ( i )  It has been thougbt t :.~ at there is little

s t ra in  essociated wi~.h the form ation of zones; ( i i )  The series are spherical ,

;em:”tting P .) I r C r j S t a i l l f l e  specimens to be enpleyed for ~ s tud i e s;  ( i i i )

-.  -~~~ 
.- 
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is a larg’~ di f fe rence  in a ;  ic scattering fact;or between Ag and A].,

end therefore the scattered x—ray intensity is large at small angles. A

gso l deal of study has thus gone into characterizing the kinet ics , the

a•;table equilibrium limits and the metast able structures in this system.

On the other han d , detailed SAXS st udies have not led to unambiguous

results. And in fact , attempts to obtain a linear spinodal mode in this

.. y s t e m  have not been particularly successful.

LQ presents the possibility of obtaining Al —Ag in a very well quenched

condition. It may then be possible to overcome the problems arising from

auench—clustering. That this is in fact is possible has been shown by

Roberge and Herman for Al—ll~ Ag (9 ) .  Spinodal deco~nposition of LQ Al—iS Ag

was studied for aging at 150°C of both LQ and SQ specimens . Linear behavior

was foun d for both of these specimens , with the LQ giving a predictably

smaller decomposition wavelength than for 3Q; ll2A° vs. 125 A°. Also ,

consistent with what has been found in our~ studies of Al—base alloys , the

CQ specimen decomposes more rapidly than does the LQ specimen ; the 5(8) at

the maximum wavelength is twice as large for SQ. This we attribute to a

lower concentration of mobile vacancies for the LQ condition than for the

SQ condition.

These results represent a sampiing of our results in spinodal deccmpo—

sition in LQ—A l—base alloys , and , taken together with those for Al—Zn,

point to the e f f i c i ency  of LQ in obtaining a well—quenched solid solution.

The as-LQ condition was examined arid indeed foun d to h n i -
~ a narrower

sice distribution than that obtained for SQ (9) .  SAX S was used to characterize

the cluster size dis t r ibut ion for LQ and SQ M-l~ Ag. 
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[
~a’Iius in A° and Weigh t Frac t ion ~or LQ (Gun Technique)

and SQ (550°C -
~ Brine at —22°C) Al—114 Ag.

Condition Radius (A°) Weight Fraction

SQ 7.5 0.60

21.0 0.25

27.0 0.15

LQ 6.5 0.96

15.0 
. 

0.04

In Table 1 is shown the radii and weight fractions ?s determined from

size distribution of the radii of ~‘yrat ions resulting fro~n Guinier plots

of SAXS profi les .  It is seen that for LQ, the sizes are shifted to lower

values and the size d is t r ibut ion is much narrower. This distribution then

-represents an improved starting point for dec-ntcsition studies .

These results in dicat i ng a less clustercd solid solution for LQ than

for SQ have been confirmed by la t t ice  parameter rteasurements for Al—base

alloys with Si and :~g (this program).

Al—Si

Precipitat ion in LQ Al—base Si has been studied. For SQ alloys it is

celL established that Si prec ipi ta tes  are nucleated heterogeneously on

dislocation loops arising from th~ coagulation ot~ excess quenched—in

vacancies. It was thus of some interest to s tudy the decex posit ion kinetics

in LQ alloys. If there are available ‘rare vaco.ncies in J.Q , then the nucleation

rat .e and , therefore , t he ki net ics of decompos~ t ion shoul d he faster  than for

Th at t his  ~e not th~ case is seen in Fig.  5 , where t i e  ~c rrent age  

~~~~. 

. 

~~~~~~~~~~~T~~ T-~ ~~~~~~
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~~~ in electrical  resist ance is plotted versus t ime for  a~-i ng LQ Al— i

wt.~ Si at 200°C. For a comparable change in resistance (‘~ %) , the SQ alloy

takes about C~ minutes , whe reas for LQ, several hundred minu tes  are required.

It would aPpear that LQ results in fewer vacancies .

Preci pitation in LQ Al—Si , howeve r , does occ ur similarly to that  in SQ

alloys . T~~.1 photos of LQ Al—l wt . % Si show a general absence of dislocations .

Howeve r , such defect—clear regions s.re not obt ained uniformly throughout

the specimens . Reg ions are observed where the dislocation density is high

and numerous dislocation loops are seen. Such effects may result from

non—un i form cooling rates and from p las t ic  deformation , e i ther  luring the

ultra—rapid solidi fication process or , subsequently; during handling.

Following aging for 50 minutes at 200°C a high , uniform density of fine Si

particles form . These particles are similar in distribution and shape to

those observe d in SQ studies. Also , since the kinet ics , as depicted in

Fig. 5, is similar for both SQ and LQ, it must be concluded that only the

art icle density for the two d i f fe r , the LQ giv~.ng a lower density. This

is not easily confirmed by T~~•1 because of th~ non—uniform thickness of the

Ld. foils. And , indeed i t  is this problem which has l im i ted  careful T~~•I

~:ork wi th  LQ specimens.

U) ~
‘ 1000

T~ .E ( m n )

FtC . 5
I~~ t~~~- ...’d ~i. ng at 200°C of LQ anl

i.1.- - I ~ ~~~ .

_ _  
_ _
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The formation and decompositIon behavior of metast able structures in

liquid-quenched (LQ ) Ag—Ge alloys was studied with x-ray diff ract ion ,

resistivity measurements and TEM techniques. Pure Ag and alloys containing

1,10 ,15,20 and 22.5 at .%  Ge were studied. Upon LQ, pur e Ag and 7 and 10

Ge alloys yield a single fcc phase ; 15 an]. 20 Ge alloys give a mixture of

two r-.etastable phases ( fcc  and hcp); and the Ag—22.5 Ge alloy gives a

metast able hcp phase. Also , the first evidence of an amorphous phase in

as-LQ Ag—22.5 Ge alloy is presented. It is shown that Ag—rich fcc phase

can retai n up to ~20 at .% Ge in solid solution. Furthermore , stacking

faults play ext important role in the formation and decomposition of mete.—

stable phases in the Ag—Ge system.

Au—Ge

The decomposition behavior of various metastablo phases obtained by

liquid quenching of eutectic Au—2 T at .% Ge .was studied by electrical

resistivity measurements , x—ray di f f raction end TEM techniques. The

as—liqu id—quenched structure is foun d to consist mainly of equilibrium

Au—rich fcc a—p hase and metastable bct y—pha se . In addition , the cq.uili—

brium Ce—p hase and another metastable phase hcp—~ are also found to be

present as minor constituents. Upon heat ing,  phase decomposition occurs

in two distinct stages : A low temperature stage, 600_ b o o , involving

the decomposition of the s—phase into two oquilibriizs phases , Au—rich

fcc—a and Ge. A second stage, occurring around 120 °C , consists of the

transfo rmation of the y—phase into a and Ge.

IV. OXIDES WHICS HAVE BEEN STUD IED

In the following will be outl ined those experiments carried out on pure

and rni~:ed oxide systems with laser and plarma techni ques.

.

~

•. ~~~~~~~~~ ~~::~~~~~~~
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~uccessf u1 oxide splat—qacuching , usthg a—alumina as a st art ing material ,

‘h-as ac~~ eyed ut iliz ing a CO2 laser in ccnju nct ion w i t h  the hanne~ — and— anv il

quenching device . specimens were generally 50—70 U thick and wc~ ghcd ~‘5O—lCO

~~~ D2b ye—Sche rrer analysis revealed a phase d is t r ibut ion  consist ing of

stable a—alumina at oater ~oecir~en regions and 5—aiui~.ina (meta s tab le )  in

central regions , where  the quench rate ~es the h ighes t .  Some evidence

suggests the presence of other netastable phases. Electron di f f ract ion

work has supported the above results. TEM ooservations of the as—quenched

n~ cro .sLructure has r ovealed the very f i ne equlaxe d gr ain structure typical.

of h emmer- and—anvil quenched specimens .

The f i rs t  mixe l oxide system investi gated has bee n Al203—~ g0. So far ,

alloys of 0.39 ana 5) mole ~ MgO have been successfully quenched. D.S.

analysis has revealed the presence of the spinel TthaSe only. TEM in~ est~ —

gation of the as—quenched mat er ia l  has revcaicd  largely featureless grains.

Some a~ p arer~tly anor: hous ma te ris i  has been detected. rftj ~~ ::ay be a mani-

festation of the sp lat  surface only , and ion th inning  from one sido only

to pre:er-ie sur ’ce s t iu c tur e  were in general perfci~~~~ for all es—quenched

speci mens . Annealieg studies were carried out to inv e ;t iga t e the modes of

ph ase decomposition. Addit ional  specimen s ur epe.red for splatting included

“10 nol e~ ~g0, “iS noLe ~ F~g ) :;i u ; Le xtal , end MgO ri~ h compositions.

Zr0 2—30 mole~ CaO has al~;o h ’en suec’ : :~~fa].ly o .io:v hed . Although speci—

n e c  surfaces were oxt romc .y ~~~~~~~ and va~-i ’d in co] en t’rc’n’. wh te to brown ,

x—ray unalymis rev~~’.’~~d on ly e .ibriu,~ phe:es.

Other  ~; ecinens eresare l ~~~ ~~~ ‘~~: include A3. ;~ 3~ lO s.ol1g~ Y 203 , which

shoul d y t e L ~. quench ‘t o  in~ ~~ .ic n hy u e e l s  ot’ eute~ t i c  in t er L : i l l ar  spacing

nCa5UrC~~.oflt  , and ~t~~~—3O wt . .‘ v ) , wh i c’ n h ’s  been t ’ ’~t I ally t ra :~st ’or7ned to
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glass by laser melting and air quenching.

B. Laser L.~ (Uun Blast)

Laser LQ was performed on several unary and binary systems to obtain

net ast abie and perhaps glassy phases and further document transformation

reactions. The samples were pressed , presintered at 1530°C in a Kanthal

high t emperature ft we , and melted in air with a CO2 laser. A gas—type

LQ gun with a plat~~i.. :~ nozzle was used to impinge the sample onto a copper

ski slope. In certain mixed oxide systems carbonat e powders were found to

produce better sintere’I oxide products for quenching . The LQ systems are :

1. Unary Syst ems

MgAl
2O~ (stoichiometric)

SrTiO3

T1gTiO3

CaTiO3

BaTiO3

Ti02

CoO

Ge02

Al203

CoTiO3

2. Binary Systems

BaTio-~ — CaTiO3*

1:10 — CaO*

A1203 
— S102

CoO — NiO*

CoO - MgO*

— MgAi20~

L
~

i /
~
i2O~4 

— A1203

-. .- .—. ... 
~~~~~~~ 

.
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CaO — MgO

Ti02 — T h O X

*::ote these systems unsuccessfully LQ by regular ,~as— type g.m and
ir ~.iuction heating .

C. Theoretical calculation of the coherent spinodal in  ionic and met allic

cubic binary systems an d comparison with experiment al dat a (see attached

diagrams and tables) .  Systems predicted using technique outlined in the

Thesis of C. Jantzen (ir. prepat’a~~.on):

CoO — CaO

CaO — NiO

CoO - NiO

CaO — MgO

MgO — MgA1
2
O
14

MgAl2O~ - A1203

AgCl — EaC1

iCCi — NaC1

Al - Zn

Au - Pt

Au - Ni

D. Redetermination of the metastable miscibility g~ p and confirmation of

spinoda]. decomposition in roller quenched A1203 - ~iO2 glasses by SANS and

electron microprobe.

E. Solid quench and pertinent r pL .~ of CoO — UIO. ~ :in~ in heatIng holder

of electron microscope produced reduction of CoO tu ne ~11ic ‘obal t .

F. Studies of phase t ransformations in ~~~~~~~ — ;d~~s , ~~~~~ ~. d~~O3) by

‘JANE and x—ray diffraction.

___— ~.- -. .  ... — .- - . —
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V. PL!~SMA SPRAYING OF OXIDES

A. Introduction

Protect ive plasr na—spr a Te d cer~iete coat~.ngs , although extensively studied

::om the engineering viewpoint , have received limited rzicrcztructural  analysis.

Pcwe v e r , the uniuue processes inherent in plasma spraying are known to produce

structures which are vastly different from the equilibrium structures obtained

by o ther processes. For example , me tas t able phu~es are found in plasma

st rayed A1
2
0
3 
and their reversion to the equilibrium phase can produce

internal stresses and failure of the coating. An understanding of the micro—

structure and phases present in a coating and the influence of subsequent

annealing , alloying additions , etc. would be invaluable in predicting the

behavior of a coating in service. With this aim in view a study of the macro— ,

micro— and crystal structures of sprayed ceramic deposits has been made by

scanning electron microscopy (S~ 4), tramsmission electron microscopy (T~ d)

and x—ray diffraction.

The porous “pan cake” morphology , generally produced by plasma spraying ,

results from the rapid flattening of superheated. liquid particles impinging,

essentially independently, on the substrate or previously deposited layer.

Since the flattened particles are usually well bonded together , the main

concern for the integrity of the coating system is the coating/substrate

adhesion. Thus , in this  study emphasis has been placed on a detailed

analysis of the structure and morphology of the cerami c at the interface.

B. Semole Preparation

Plasma sr.~rayed samples of Ab203, Al203—Y203, kl2O
3—~ gO , Zr02 , Al—l .6~ Si

(Table 2) have been prepared as described below. Except where specific dif-

f erences in structure occur , only the results of A1203 deposits will be pre—

scnt.cd since they are, in general, typical of the ceramics examined.

— — .— . ____ ______________
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Ceramic deposits of thic~:ness ranging from 25 to 750 ‘~m were sprayed on

onto grit blasted mild steel substrates by a hand—held torch , en3rgized

ny a 28 I~Y sPray system usia; the parameters given in Table 3. The samples

were chnra c te r i zei  in both the as—sprayed and annealed conditions . Annealing

troatno :lt s  were carried out in an argon atmosphere at temperatures ranging

from 600°—l200°C.

Thin foil sanpies were subsequently prepared by ion—thinning.  This

process involves bombarding the surface of a small (~ 3 pm dia. X “ 20—30 pm

thick) section of the material with argon ions thereby removing atoms from

the samp le surface. Schematic diagrams of the worki ng chamber and sample

holder are shown in Fi g. 6. The thinning par ameters used for the current

samples are gi ven in Table ~~~.

The ion thinning t e chnieuo  has several advant ages over the more commonly

used eleetrochemicel methods , particularly for the relatively inert ceramic

materials . Material  removal is more uniform and thus preferential etching ,

for example at gra in  boundaries or second phases is essentially eliminated.

For the study of interfaces , the technique has the particular advant age of

making it possible to remove metal substrat e and cerami c coating at approxi-

mately the s ame rate. The e lectr ochemical  dissolution, on the other hand ,

woul d inevitably result in nero rapid removal of the metal , making examina-

tion of the interfacial layers of the substrate impossible.

In an attempt to gain a ‘cot t e r  under standing o~’ ( i )  the  mechanisms

involved in coat ing/ subs t ra te a ihesion , ( i i )  the e f f ec t s  of a change in

cooling rat e on the microstructure and ( i ii )  the nature of the coating itself ,

sectior.s perpendicular to the in ter face  vere cut . These were then thinned

as desc ribed above . For both ~~~~~~~~~~~~~~~~~ samples were coated with a “ 200A°

thick layer of carbon or gold , r~ spect t vely , to pro vent charg ing of the

in.;uJ.”tJng cei~e.eLc ~y ~~~ ~~~~~ m n  be~un.

- ‘
~~~~

-.—

~ 

_
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C. Characteriza~•~on of Coatings

X—Ray analysis of the various samples was perforn~ed on Sicaens X—Ray

e’~uLrncr~t wi th  a r~e’Lfre—gcherrer camera ard a di f fr actometer  wh ich was used

in conjunction with a carbon single crystal monoohromator. Xloctron micro-

scopy was performed using a Cambridge ~ ark II Stereos can and a Philips

E~ 3OO microsCope.

R~ •~ULTh ~~ D Dl~ CUg SI0N

~ ‘t Cooled !:~‘t ’~~’e of Pln :;ma Sorayed Deposits

Thse to the fact that the superheated particles are ejected with the

order of sonic velocity and impinge on a highly conductive surface , the

soliiification process is extremely rapid. In fact.solidification rates

on the order of’ io6 to io8 °C/sec. for metals, and i0~ to ~o6 °C/sec.

for oxides are obtained. The solidification rate for plasma sprayed

Al-l.6 w,0 Si (sprayed onto a low conductive glass substrate) is estimated

to be 106 °C/sec. This rate was obtained utilizing an equation for the

determinat ion at sp lat—cooling rates based on the scale of microstructure.

The dendrite spacing in Figure 
~ 

is used to approximate the solidif ication

rate , whi ch shows two S~~’~~s of Al—i .6 ‘~/~ Si plasma sprayed onto a glass

substrate in a sir.gle pass.

As a consequence of the rapid cooling rates , plasma spraying may be

considered to be splat—cooling and, therefore the micros t ructufos  of the

mat erials obt ained from both processes should be similar. Comparative

structures of ceramics preduced by splat cooling and pl asma spraying are not

available , but the t r ansmiss ion elect ron mi crog rapha of’ Al—Si ~.lloys shown

in F ig .  8 i l l u str at e  the similarity. Fig. 8a shows the alloy splat—cooled

cy the Duwe s gun techni que and Fig. 3b by plasaia spraying . hotl i  riicrographs

c xh i b . t  f ine , columnar grain s tructures wi th in  each platelet , ~O.5—l.0 u n

a ~~~ ~tii and 3 ~im long. A h~iilar  s t ruc ture  is a]~~o obt ained fo r Al203 

. - . . .  - -d

_ _ _ _ _ _ _  _ _ _  _ _ _ _ _ _ _ _  _ _  ~~JIJ
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(~‘ig. 8c ).

~ ie mo rphology of the coatings was exaniir .e i by SE~ wh ich , because of

‘n igh res:~1utton and. depth of fi~ 1d , enabled the overall ln~rel lar  nature

o~~ the coa ~ ing and the grain s t ruc ture  of the iaiividual  c lat elots  to be

omse i~~ed in letai l .  figure 9 shows these features in an 
~~~~~ D°

3 
rer .r)le which

sorayed at 900 to the substrate. Coatings sprayed at angles less than

~~~~~
° h.auc nope ncycn~et r ic  eorpholo~~ with lower e—be ren o ;  ‘.;ooen the

particles.

A process—inherent temperature gradient is producc’i t ’nrou~hout the

cubstrate and coating which creates residual stresses and , consequently ,

result s in mic rocrack ing  in br i t t le  materials such as Al 2
t) 3. Furthermore ,

because of’ the rapid ~u oneh in g  many particles partially solidi fy before a

uniform flow is achieved. Thus , t h e y  ~~e unabic to f i l l  all cavi t ies  in

the previous layer and the resulting structure has a porosity of < 12~ (10).

~ otk i pores and. microcrnc .:s are precursors to failure and should in general

b e avoided.

The coiiinina r grain structure within the platelets is typical of the

pure ceramics. However, additions of other oxides , eg. Y203 
or Tb 2, results

i n a more equi axed grain morphology , Fig. 10.

A number of metastable , h ig h temperature phases are observed in thermally

s~ royed A1203, instead of the stable a (ccrcr.3’im). Such phases have been

reported earlier (11— 13) but , in the  present invest i ga t icn , a depenience

of the speei~~ic polymerphs of aliAlna on the cooling rate of the dcpesit

:~as been detected.  In plasm a S~~~~~~~~I J e~~. Al203~ t..e Con.. a high temper ~ture

:~.a:;es are 6 , 0 with some y and ~ , whereas in the low tec~:.orature o.;’~cctylene

.~~ray p rocess the common phase is y, with some 0 and ct . In very th i c k  plasma

su ”ty~ d c oa Lin g  (>250 pm) very l i t t le  6 and 0 have been observed , here  the

~~ ~~~~ ~~~ 
,
~~~~ y ~~~~ ~~~~~~~ , i t  or r oar s  tha t  t h i c ker  coot !  rg3

— -  -— ..—-~~~~~~— - -~~~~~
-
~~~~
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are cooled mo re slowly because of the poor conductivity of a ceramic

coating and tr.e repeated reheating of the gun as it is passed over the work

~ icee. This process anneals the layers of the coating already deposited

enabling th e  s tructure to equ.ilibr iate to the stable eorun ’lurn phase.

Those observations show that a thick plasma—sorayed coating will be more

similar to the lower temperat ure flame spray rrocess , at leas t from the

point of view of metas table polymorp hs .

Samples annealed at 1000°C for 1 hour or n r e  underwen t definite

structural change as indicated by x—ray d i f f r a c t i o n  line broadening and

shifting. Moreover , seine di ff raction peak s dis~ noearcd and others began

to emerge . The forme r corresponde d to either y or cS—A1203 and the emerging

peaks were all those of the ct—phase. For samples left a 1100°C for 2 or

more hours , the reversion to corundum was almost complete. Associated

wi th a crystal structure change is a latt ice pa rameter charge and , conse-

quently , a volume change. With the reversion from the metastable structures

in A1~ 0~ to corundum there is a shrinkage associated , which in the case of

the reversion from 6 -
~ a is ~~~ This leads to microcracking of the deposit

and possible coating failure.

Selected area di f f rac t ion ( sAD ) of ion—thinned samples of the sprayed

ceramics confirmed the presence of the met as t able polyrnorphs. Fig. 11

shows a grai n of ~~~~~ 
and its corresponding electron diffract ion pattern .

The major spots are indexed as 6—A 1203, whereas the streaked spots are

in dexed as the next lower temperature polymorch , 0—A1203. The streaking is

caused by a particle size effect . The emergence of the 0—phase may have

occurre d during the solidi ficat ion process or ray be due to local beam heating

in the microscope. The sequence of emerging A1203 phases obse rved with TEM

in as follows :

6 ~ 0 y -
~~ a

S .~ ~ •. # e ~~~* S  ... .Se a . .f l . E~ .S ~~~~~~~~~~~ - - —-—-—— .. . _ _  -— ...___ .—
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Thin sequence in consistent with the x-ray results of Dr~~ oo and Diamond (l !i) ,

As discassed above and as shown in Fig. 8 there is a definite similarity

t :t’..’eert ni a sma—spraye d and splat—cooled metals. This sirfl. u’ity also holds

fo r spcayed ceramics as was shown in Fig. 8. In plasma sprayed coatin~ s t he

grain shapes vary , beginning with grains elo!igatcd several ~icroneters in

the plane of the platelet for the firs t several layers and perpendicular

for later ones. This phenomena is duo to the li qui d sp readin ,; outwards

from areas where solidification has initiated. in thicker sections , i.e.

farther into the coating , we fi n d columnar growt h normal to the substrate

surface. This is a characteristic structure in ingot solidification.

Furthermore, it is interest ing to note , that columnar growth normal to the

detosition surface or parallel to the direction of heat flow is also reDorted

in sputter—deposited films (15).

An observed amorphous interface layer may have the ef fec t  of enhancing

the bond strength of the coating to the substrate. It is suggested that

at the time of impingement the A1203 
is a highly viscous liquid, a glassy

amorphous material, and thus attains better mechanical coiitact with the

substrate. Furthermore , it appears probable that the molten alumina dis-

solves the initially formed iron oxide of the steel substrate and may go

into solution and form an aluminum—iron spinel.

The columnar—typ e fine grained structure observed by ~E4 correlates

with the TEM observations (shown in an inset in Fig. 9) and is characteristic

of sprayed coatings . However , if impurities such as Y203 ( 3% )  are added to

A1203 the grains become equlaxed , although the columnar macroutructur e is

maint ained. Thio may be due to grain boundary pinning caused by Y203 or other

“fluxing” materials.

-_~~~-~--- = — :-.:-=:-=~:-=:-;~ P -~;...A-= ==:
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Thcrc are oth.~r i-~rort . . . . 5~~ ts of these additi-.-os . For e -plc ,

Y20
3 

act s as a glass forme r and not only decreases t~ e porosity of the

coat ing but also enhances the a~b~ecio n ( 10). These bon ;ficial  cf fcc~ s of

~203 (3~ to 10% ) are attributed to the flass forming &oility of the second

phase which solidifies at a ter rora~ure well below the solidi fication

temperature o~ ~~2~ 3 (2060 °C ) .  it is , therefore , able to flow more readily

enabling a more CO5:pIOt . C in teract ion  with the sandblasted. substrate sur face.

This causes an infil ling of the interstices between the platelets of the

more rigid crystalline oxide .

In somo cases additives will have a stabilizing effect on the sprayed

materials. Thus, they will inhibit the formation of metastable phases.

Furthermore , “fluxing” additions can retard or stop the reversion process

of the metastable phases to the equilibrium structure. Since metastable

structures are inherent to the rapid cooling rates obtained in sprayed

coatings , there is a definite dependence of cooling rate and polymorph

formation . Thus , in thick coatings or coatings deposited by lower tempera-

ture processes the occurrance is diminished. The difference between the

specific volume of these phases and that of the equilibrium structure renders

the susceptibility to cracking and spalling if a phase transformation occurs .

This may easily be the case if the coating is e xposed to a high temperature

environment , and thus catastrophic failure may result . It may , therefore ,

be advisable that a crystallographic and mierostruetural study be made of

any coating material that has known stable or metas t abie polymorphs , before

the coating viaterial is used.

~  
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TABLE 2

Coating Materials

::. Purity ( % )  Source

99 .28 ~ort on #183

99• + Cera c #10014

99.9 Ventron

~gAl2014 99. + Cera c h u T

~r02 (stabil ized) 9 14. 14 Norton #252

S A1_l.6w/ 0 Si 99.99 . Alcoa (wire)

TABLE 3

Soray Parameters (Ceramic Powders)

Arc current 1400a

Are voltage 148v

Arc gas

argon (prii~ary ) 2141 x 1o 2 m3/hr &

hydrogen (secondary ) 114.2 x io_2 m3/hra

Fowder feed rat e 
5 

7.0 ~~ /min

~owde r carrier gas -

argon 10.8 x 102 rt 3/hr a

Gun to substrate distance 7.5 to 12.5 cm

a Gas pressures 3. 145 x l0~ Pa

-.- “ .. - - -

~
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TABLE i;

~~~~~~~~~~~ (2 ;~
- ’-i S :s )

Ae .- : ierntio n potential ~—6 kV

Gun current <0.5 ma

Ion current 75— 100 pa

Glanzing angle (0)  15°—25°

Sample thickness (initial) 25—35 pm

Thinning time

initial @ 25 ° (0 )  3 hours

total 12—17 hours

VI. COSCLUSIONS

The central thrust of’ this  ABO—supported research program ha.s been the

establishment of metastable structures through the use of liquid quenching

methods. We have employed a wide range of techniques to rapidly quench

liquid alloys and refractory oxides. A great deal has been learned about

the earliest regime of the precipitation processes which these unique

riat~ ria1s arc observed to unde rgo. It has been pcssible to find a spinodal

mode in LQ A1—22 Zn and in LQ Au-~’t alloy. The more detailed questions

as to whether or not the mode is truly of a linear sort or otherwise , we

feel, is resolved in kl—22 Zn , but , this unfortunately is riot readily seen

in the other alloys which were studied.

The vacancy concentration , at least those that are mobile , is seen

to he low and does not con t r ibu te  to rap id decor~n o s Lt i on  k ine t ics .  High

vacancy concentrations are not detected in A s—LQ alloys due to loss during

or i~u~cI i ate1y following LQ at the sur fnccs  and at the very clusely located

— ~~~~~~~~~~~~~~~~~~
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grain boundaries . Another effect , as yet unclear, is the possibility

t:~a~ th e va canci es are not brought into the solid after the sassage of the

rat~idlv moving solid—liquid interface. More work is needed to resolve

~~~~ question.

The laser and plasma spray techniques have bee n used to study the

structure of as—LQ oxides and subsequent precipitation behavior. Here ,

spinodal decomposition was suught in , fcr exazn~le , the systen A1203—2i02,

which is amorphous when LQ. SANS studies at ILL—Grenoble , France , as

part of this study , agai n point to the operation of a spinodal mode . But ,

here the situation is far more complex than it is for the alloy systems

which we have studied. 
-

Plasma spraying is an underutilized and. certainly insu~ficiently

appreciated technique for forming metastable alloys and oxides (not to

mention carbides and composites). ~~ have examined microstructu.re , kinetics

and properties ~~ oxide coatings formed by plasma spraying. two proolems

remain : excessive porosity and , sometimes , poor coating—substrate adhesion.

These limitations , we feel, however, can be avoided by atmosphere—control

and vacuum spraying. Here, velocities of the spray increase and, for

S metals , oxidation is minimized, or essentially avoided.
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