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FINA', REPORT
TO ARMY RESEARCH OFFICE
"Properties of Materials Quenched From the Liquid State"
H. Herman
Department of Materials Science

State University of New York
Stony Brook, N. Y. 1179k

I. INTRODUCTION

This Army-supported research program on liquid-quenched (LQ) alloys and
ceramics has evolved from the period of 1970 to 1976 from the fundamental to
the applied. Initially, it was the goal of this study to examine in some
detail the structures that develop on the annealing of LQ (splat cooled)
alloys. 'The kinetics and resulting morphologies were subjected to careful
examination rising x-rays and transmission electron microscopy (TEM). A
central aspect of the program concentrated on small angle x-ray scattering
(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 this study when LQ samples

were studied with SAXS.

Following the aluminum alloy studies, as well as other alloy system studies,
oxides were examined. A number of LQ techniques were developed and explored,
based mainly on laser melting and plasma spraying. The latter technique has
in fact given rise to a new program - currently under support by ONR - on
protective coatings. The spinodal work is currently culminating in a program
partially funded by NATO (for international travel) and employing small-angle
neutron scattering (SANS) at ILL-Grenoble, France, to study spinodal decomposi- ;,

tion in the Pt-Au alloy system. (An additional point of interest relative to

Au-Pt: In conjunction with workers at NRL - J. K. Hirvonen - and originating




from this ARO program, has emerged an interesting study using ion implantation
to form highly metastable alloys. We have thus observed with TEM a spinodally
decomposed amorphous surface in Au-implanted Pt. It is estimated that the
"quench rate" in such a situation may be 1012°¢/sect ).

The U.S. Army Research Office program has thus enabled numerous closely
related studies of the utilization - both scientific and applied - of LQ
methods. New theoretical developments used to calculate the actual spinodal
have evolved, and a number of LQ methods for working with oxides have been
invented and perfected.

In the following are listed the main accomplishments of this 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 form

LQ specimens. The original device was constructed by P. Duwez some years ago
and represents the simplest means of fabricating a porous end flaky specimen.
With some care, a semi-continuous foil is formed, permitting SAXS studies.
Generally, the TEM specimens do not have to be thinned, since a significant
proportion of the foil is electron transparent and requires no further thinning.

However, we have available an ion thinner and using this thinning technique

enables us to obtain an extremely fine specimen for TEM, for both alloys and
ceramic materials.

Torsion Catapult: This method was developed in order to obtain a more

continuous foil. A program was carried out using Al-base Ag, in which SAXS
was employed to examine spinodal decomposition following torsion catapult LQ.

In this method a molten specimen is propelled out of a curved furnace by the




released energy stored within a torsion catapult. The specimen then strikes
a copper slide and rapidly solidifies (1).

LQ of Laser-Melted Oxides

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

program devised a new method for the LQ of oxides.

LENS SOLENOID

SPECIMEN

H
AN‘:}”‘:‘:V‘"L TRIGGERING TRIGGERING SPRING
DEVIGE ARM SOLENOID

€O,
LASER

Figure 1

The technique utilizes a high intensity continuous-wave laser, together with a
hammer-and-anvil quenching device (Fig. 1). The hammer-and-anvil apparatus is
similar to that first developed by Pietrokowsky (2). A liquid drop is caught
between the copper faces of a rapidly moving hammer and a stationary anvil.
Quench rates of about 10° °C sec_l have been reported for metals quenched in

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




A continuous-wave 002 laser with a maximum output of 400 W 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 103 w cm_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 fall off the specimen rods because of high
surface 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 hammer.

The first material investigated was a-A1,04 (99.5% purity). The melting
point of this material (2050°C) is low enough to allow easy melting, but
sufficiently high to test the feasibility of the technique. Several phases
of alumina are obtainable under various conditions. The phases present in
liquid-quenched specimens might be expected to reflect the gquench rate.

Specimens generally weighed about 100 mg, with diameters ranging from
0.5 to 1.5 in. and maximum thicknesses of approximately 0.002 in. (50 um).

Edge regions, however, were much thinner. The central regions of some specimens
were almost transparent. Debye-Scherrer analysis revealed that these trans-
parent central areas were composed largely of metastable §-alumina. The outer
edges of the specimens were predominantly a-alumina, which is the usual phase
obtained when A1203 is solidified normally from the melt. The quench rate for
the center of a specimen should indeed be higher than that for the outer edges,
since the center makes contact with the hammer-and-anvil faces [irst.

Specimens suitable for TEM were prepared by means of ion~thinning. Sel-
ected-area diffraction indicated that 6-alumina is obtained at the center.
Also, there is good evidence that an amorphous oxide layer is formed adjacent

to the anvil faces.
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I1I. REVIEWS OF ALLOY SYSTEMS STUDIED IN THIS PROGRAM
AL-T Zn

The kinetics of CP zone formation in liquid-quenched Al-Tat.% Zn was
studied with small-angle x-ray scattering. It is found thet liquid quench-
ing yields 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 sclid-quenched specimens. The results indicate that slow
aging in liquid-quenched alloys results 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. .

A1-22 7n
1dy was initiated on this alloy because Rundman and Hilliard con-

nat spinodal decomposition is occurring on aging at 65°C after SQ
(3). However, an unexplained early transignt led to some uncertainty as to
the exact mode of decomposition. In fact, the main question was whether
solute clustering, which might have occurred during the quench, would confuse
the interpretation of the results (L4). It is known that bulk Al-Zn has a
strong tendency to decompose during quenching (5). We thus undertook to
resolve this éuestion by LQ of A1-22 Zn. LQ should result in a more random
(i.e. supersaturated) solid solution.

Indeed, a particularly suitaﬁle application of LQ should be in studies
of early-stage spinodal decomposition. When the free energy 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

c
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kinetic, since the only barrier to solute partitioning is diffusion. Thus,
up-hill diffusion (the development of gradients) is possible in regions of

the free energy-composition plot where the second derivative of the free

energy relative to composition is negative; 32f/3c2 < 0. Based upon this |
premise, a kinetic theory has been formulated which predicts that decompo-
sition will occur by the selective growth of sinusoidal composition fluctua-
tions (6). Thne fluctuations will have a nesrrow band of wavelengths clustered
around one having a maximum growth rate. The occurrence of the maximum
is due to a balance between two competing effects: (1) The growth rate
increeses 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
sclution parameters.

An epproach particularly useful for studying the spinodal mode is due
to Rundman and Hilliard, who recognized a formal correspondence between the
Fourier amplitudes 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 thevsystem is undergoing spinodal decomposition, and
the composition gradients are not severe (i.e., early in the reaction), then
the rate of growth of the fluctuations can be determined. Actually, it is the

growth of the Fourier components which is beiug studied by this x-ray method.

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

given Fourier component having a wavenumber B.
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ificati
nuzber from the data of Fig. &,

In Fig. 2 is shown the SAXS spectra for the as-LQ condition and for
aring at 05°C for early times (7). Ln this plot, B is the wavenumber of the
decomposition waves, and is equel to 2T times the reciprocal of the decompo-
sition wavelength, 7The intensity at a given f can be considered to be
directly related to the number of those waves having that B. Fig. 2 thus
represents a kinetic view of the distribution of the evelving two-phase
structure. One can immediately conclude that (i) the system is decomposing
by the formation of waves having wavelengths grouped around 34A%; (ii) waves

having wavelengths below a cross-over point of about 22A°'s are gcing into
o9 -

solution.

R(B) can be extracted from the date of Fig. 2., This is plotted in

Fig. 3 and shows the rate of both growth (B < BC) and decay (B > Bc) of the
decomposition waves. This plot demonstrates that spinodal decomposition is

in fact occurring here and that the process is being observed at a suffi-

ciently early time so that the linear theory is applicable. The results

R R e —————————————
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are very similer to those obtained by Rundman and Hil liard for 8Q of the

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

from solute clustering occurring during the quench. TEM studies give
further support for a spinodal mode: A multiply-connected structure is
observed having a spacing comparable to that observed with SAXS.

In our view, IQ is a perfectly appropriate way of obtaining a well-
quenched supersaturated solid solution. Furbther experiments of this sort
will be described for Al-Ag.

A1-28 Zn

n the composition range of 28% Zn are found various continuous trans-

formation products as well as a grain boundary nucleated cellular product.
The latter tends to dominate the reaction, absorbing the cont. wuous product
in its path. It was of some interest to study the decomposit ion of LQ
A1-28 Zn in an effcrt to delineate the early products of decomposition.

SAXS has been used here to follow the. early-stage process by examining
the developing integrated x-ray intensity during the growth of the cells,

20 ~

A paremeter, Q w.fo I(26)%d5, can be used as a measure of the relative volume
fraction of a phase. In this expression, I is the intensity scattered to a
diffraction angle, 29. Wnen I(2¢)% is plotted versus scattering angle, the
distribution of scattered x-ray intensity can be related to the size of the
particles. Also, particle spacing = A/(2s5ing) - 1/20 (for small angles)
where A is the x~ray wavelength. This reciprocal relation between spacing
and scattering angle permits us to relate the scattered intensity to a given
spacing. In Fig. b is plotted I .(26)2 vs. 20 for as-LQ, 35 minutes and 200
minutes at 65°C. The maximum that occurs at 10 millirads (v155A°) is due to
the continuous matrix phase. The maximum decreases with time and eventually
shifts to lower angles; i.e., the product phase undergoes coarsening. This

higher angle peok represents the diminishing continuous phase. Having a
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g initially of 400A°, the lover angle peak, at less than % millirads,

(&1

pacln

i

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

its intensity increases due to the growing cellular phese.

I\ LIQUID - QUENCHED

I (20)%ARSITARY UNITS

Analyses of this sort, using both TEM and SAXS, lead to the following
conclusions for the A1-28 Zn alloy (8):

1. The os-quenched state is characterized by a grain boundary dis-
continuous phase and some decomposition in the matrix for both
the LQ as well as SQ specimens.

2. CSAYS results indicate that LQ leads to a sharper particle size
distribution than SQ for the continuous phase; in the as-guenched
state and also during aging.

Al-hg

The Al-base Ag system has been studied for many years and can be con-
sidered to be the prototype ideal G.P. zone-forming system. This system is
attractive for several reasons: (i) It hes been thought that there is little
strain associnated with the formation of zones; (ii) The zones are sphericel,

permitting polycrystalline specimens to be employed for SAX3 studics; (iii)
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heve is a large difference in atc..lc scattering factor between Ag and Al,
and therefore the scattered x-ray intensity is large at smell angles. A
cood deal of study has thus gone in£o characterizing the kinetics, the
metastable equilibrium limits and the metastable structures in this system.

On the other hand, detailed SAXS studies have not led to unambiguous
results. And in fact, attempts to obtain a linear spinodal mode in this
system have not been particularly successful.

LQ presents the possibility of obtaining Al-Ag in & very well quenched
condition. It may then be possible to overcome the problems arising from
quench-clustering. That this is in fact is possible has been shown by
Roberge and Herman for Al-14 Ag (9). Spinodal decomposition of LQ Al1-15 Ag
was studied for aging at 150°C of both LQ and SQ specimens. Linear behavior
was found for both of these specimens, with the LQ giving a predictably
smaller decomposition wavelength than for 3Q; 112A° wvs. 125 A°. Also,
consistent with what has been found in our’ studies of Al-base alloys, the
SQ specimen deccomposes nore rapidly than does the 1.Q specimen; the R{B) 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 sampling of our results in spinodal deccmpo-

sition in LQ-Al-base alloys, and, taken together with those for Al-Zn,

point to the efficiency of IQ in obtaining a well-guenched solid solution.
The as-LQ condition was examined and indeed found to have a narrower
size distribution than that obtained for SQ (9). EAXS was used to characterize

the cluster size distribution for LQ and £Q Al-1hk Ag.

. ..o A M aA ML F i AA A A A A MAAAh Aid i M LA h AN saal AALA L aiBs Bk A ML A s AL B M A e e e AAe A ALAs A A S a AL RLa s a e e
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TABLE 1

Radius in A° and Veight Fraction for LQ (Gun Technique)
and SQ (550°C -+ Erine at -22°C) Al-1kh Ag.

Condition Radius (A°) Weight Fraction
5Q Te5 0.60
21.0 0.25
27.0 0.15
LQ 6.5 0.96
15.0 0.0k

In Table 1 is shown the radii and weight fractions =s determined from
size distribution of the radii of gyrations resulting f{rom Guinier plcts
of SAXS profiles. It is seen that for LQ, the sizes are shifted to lower
values and the size distribution is much narrower. This distribution then
represents an improved starting point for deccmposition studies.

These results indicating a less clustered solid solution for LQ than
for 5Q have been confirmed by lattice parameter measurements for Al-base
alloys with 8i and Ag (this ﬁrogram).

Al-Si

Precipitation in LQ Al-base 35i has been studied. For SQ alloys it’is
well established that Si precipitates are nucleated heterogeneously on
dislocation loops arising from the coagulation of excess quenched-in

vacancies. It was thus of some interest to study the decomposition kinetics

in LQ alloys. I[f there are available more vacancies in LQ, then the nucleation

rate and, therefore, the kinetics of decomposition should be faster than for

Q. That this is not the case is seen in Fig. 5, where the percentage
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change in electrical resistance is plotted versus time for aring LQ Al-1
wt.% Si at 200°C. For a comparable change in resistance (Vi%), the £Q alloy
tekes about €0 minutes, whereas for LQ, several hundred minutes are required.
It would appear that LQ results in fewer vacancies.

Precipitation in LQ Al-8i, however, does occur similarly to that in S5Q
alloys. TEY photos of LQ Al-1 wt.% Si show a general absence of dislocations.
However, such defect-clear regions are not obtained unifeormly throughout
the specimens. Regions are observed where the dislocation density is high
and numerous dislccation loops are seen. Such effects may result from
non-uniform cooling rates and from plastic deformation, either during the
ultra-rapid solidification process or, subsequently; during handling.
Following aging for 50 minutes at 200°C a high, uniform density of fine Si
varticles form. These particles are similar in distribution and shape to
those observed in £Q studies. Also, since the kinetics, as depicted in
Fig. 5, is similar for both SQ and LQ, it must be concluded that only the
particle density for the two differ, the LQ giving e lower density. This
is not easily confirmed by TEM because of the non-uniform thickness of the
LQ foils. And, indeed it is this problem which has limited careful TEM

work with LQ specimens.

-LR/R(%)

L 67 &5 000
TIME (min)
FIGe
sothermal aging at 200°C of LQ and

SQ Al-l wt.% Si.
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Le=Ce

The formation and decomposition behavior of metastable structures in
liquid-quenched (LQ) Az-Ge a2llcys was studied with.x-ray diffraction,
resistivity meeasurements and TEM techniques. Pure £g and alloys containing
7,10,15,20 and 22.5 at.% Ge were studied. Upon LQ, pure Ag and 7 and 10
Ge alloys yield a single fcc phase; 15 and 20 Ge alloys give a mixture of
twec metasteble phases (fcc and hep); and the Ag-22.5 Ge alloy gives a
metastable hep 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 retain up to V20 at.% Ge in solid solution. Furthermore, stacking
faults play an important role in the formaticn and decomposition of meta-
stable phases in the Ag-Ge system.

Au-Ce

Tne decomposition behavior of various metestable rhases obtained by

liquid quenching of eutectic Au-27 at.? Ge.was studied by electrical

resistivity measurements, x-ray diffraction and TEM techniques. The

as-liquid-quenched structure is found to consist mainly of equilibrium
Au-rich fcc a-phaese snd metastable bet y-phase. In addition, the equili-
brium Ce-phase and another metastable phase hep-B are also found to be
present as minor constituents. Upon heating, phase decomposition occurs
in two distinet stages: A low temperature stage, 60°-100°, involving
the decomposition of the B~phase into two cquilibrium phases, Au-rich
fec-a and Ge. A second stage, occurring around 120°C, consists of the
transformation of the y-rhase into o and Ge.
IV. OXIDEs WHICH HAVE BEEN STUDIED

In the following will be ocutlined thosec experiments carried out on pure

and mixed oxide systems with laser and plasma techniques.
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A, Taszer Hammep-and-finvil

Successful oxide splat-quenching, using a-alunina as a starting material,
was achieved utilizing a 002 laser in conjunction with the hammer-and-anvil
quenching device. OCpecimens were generally 50-T0 u thick and weighed V50-100
mg. Debye-Echerrer analysis revealed a phase distribution ccnsisting of
stable a-alumina at outer specimen regicns and S-alumina (metastable) in
central regions, where the quench rate was the highest. Some evidence
suggests the presence of other metastable phases. Electron diffraction
work has supported the above results. TIM ovservetions of the as-guenched
microstructure has rcvealed the very fine eguiaxed grain structure typical
of hamer-and-anvil quenched specimens. .

The first mixed oxide system investigated heas been A1203-Mgo. So far,

of

alloys of V39 and 29 mole 7 ligO have been successfully quenched. D.S.
analysis has revealed the presence of the spinel phase only. TEM investi-
gation of the as-—quenched material has revealed largely featureless grains.,

Some epparently amorphous material has been detected. This may be a mani-

festation of the splat surface only, and ion thinning from one side only

A LSS
-

to preserve surface structure were in general performed for 211 as-quenched
specimens. Annealing studies were carried out to investigate the modes of
vhase decomposition. Additionul specimens prepared for splatting included
V10 mola% Mg0, V18 mole’ MgO single xtal, and MgO rich compositions.

Zr02-30 mole? Ca0 has also been successfully guenched, Although speci-
men surfaces were extremely glossy and varied in color from white to brown,
x-ray analysis revealed only equilibrium phases.

Other specimens prepared for guenching include Algﬁj-lo mole Y203, which
should yield quench rate information by means of eutectic interlemillar spacing

measurement , and Alp03-30 wt.% Ca0, which hrs been purtially transtormed to
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glass by laser melting and air quenching.

B. Laser L& (Gun Blast)

Laser LQ was performed on several unary and binary systems to obtain
metastable and perhaps glassy paases and further docwnent transformation
reactions. The samples were pressed, presintered at 1500°C in a Kanthal
high temperature fv 1ce, and melted in air with a 002 laser. A gas-type
LQ gun with a platin.u nozzle was used to impinge the sample cnto a copper

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

produce better sintered oxide products for quenching. The LQ systems are:

1. Unary Systems

MgAlEOh (stoichiometric)
SrTiO3

MgTiOg

CaTiOB

BaTiO3
Ti0,
Co0
Ge02
A1203
CoTi03

2. Binary Systems

BaTiog - CaTiOg*
§i0 - CaO*
AL0; - 8i0,

Co0 - NiO*

Co0 - MgO*

Mg - MgAl,0)

HﬁAleoh - A1203

e L T ~
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Ca0 - Mgo

ms - .XA
F102 Sn02

*llote these systems unsuccessfully LQ by regular gas-type gun and
induction heating.

C. Theoretical calculation of the coherent spinodel in ionic and metallic
cubic binary systems and comparison with experimental data (see attached
diagrams and tables). Systems predicted using technique outlined in the
Thesis of C. Jantzen (in preparation):

Co0 - Cel

Ca0 - NiO

Co0 - NiO

Ca0

MgO

Mg0 MgA120h

MgAl,0), - A1203

AgCl - NaCl

KC1 - NaCl

Al - Zn

Au - Pt

Au - Ni
D. Redetermination of the metastable miscibility gap and confirmation of
spinodal decomposition in roilcr quenched A1203 - SiO: glasses by SANS and
electron microprobe,
E. Solid quench and pertinent TEM of CoQ0 - NiO. Aging in heating holder
of electron microscope produced reduction of CoO to metallic cobalt.

F. Studies of phase transformations in MgAlpy0) = Al,0 (mgo-3>A1203) by

3

SANS and x-ray diffraction.

16
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V. PLASMA SPRAYING OF OXIDES
A. Introduction
Protective plasma-sprayed ceramic coatings, althcugh extensively studied

from the engineering viewpoint, have received limited micrecstructural analysis.
lHowever, the unigue processes inherent in plasma spraying are known to produce
structures which are vastly different from the eguilibrium structures obtained
by other processes. For example, metastable phuases are found in plasnma
sprayed A1203 and their reversion to the egquilibrium  phase can produce
internal stresses and failure of the coating. An understanding of the micro-
structure and phases present in a coeting and the influence of subsequent
annealing, alloying additions, etc. would be invalusble 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 microscovy (SEM), transmission electron microscopy (TEM)

and x-ray diffraction.

The porous '"pancake'" morphology, generally produced by plasma spraying,

results from the rapid flattening of superhested liquid particles impinging,
ssentially independently, on the substrate or previously deposited layer.
Since the flatliened particles are usually well bonded together, the main
concern for the integrity of the costing system is the coating/substrate
adhiesion. Thus, in this study emphasis has been placed on a detailed

analysis of the structure and morphology of the ceramic at the interface.

B. Ssamvle Preparation

Plasma sprayed samples of A1203, A1203-Y20

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

3» ALR0-g0, 2r0,, A1-1.6% Si

ferences in structure occur, only the results of Al?O3 deposits will be pre-

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

PRt o B T T LI TT T TP
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Ceremic deposits of thickness renging from 25 to 750 um were sprayed on
onto grit blasted mild steel substrﬁtes by a hand-held torch, encrgized
by a 28 KV spray system usiunz the parameters given in Table 3. The samples
wvere characterized in both the as-spreyed and annealed conditions. Annealing
treatments were carried out in an argoen atmosphere at temperatures renging
from 600°-1200°C.

Thin foil samples were subsequently prepered by ion-thinning. This
process involves bombarding the surface of a smell (V3 um dia. X ~20-30 pm
thick) section of the material with argon ions thereby removing atoms from
the sample surface. Schematic diagrems of the working chamber and sample
holder are shown in Fig. 6. The thinning parameters used for the current
samples are given in Table k4.

The ion thinning technique has several advantages over the more commonly
used electrochemical methods, particularly fcr the relatively inert ceramic
materials. Material removal is more unifogm and thus preferential etching,
for example at grain toundaries or second phases is essentially eliminated.
For the study of interfaces, the technique has the particular adventage of
making it possible to remove metal substrate and ceramic coeting at approxi-
mately the same rate. The electrochemical dissoiution, on the other hangd,
would inevitably result in rmore rapid removal of the metal, making examina-
tion of the interfacial layers of the substrate impossible.

In an attempt to gain a better understanding of (i) the mechanisms
involved in costing/substrate adhesion, (ii) the etffects of a change in
cooling rate on the microstructure and (iii) tﬁe nature of the coating itself,
sections perpendicular to the interface were cut. These were then thinned
as described above. For both TEM and SIlf, samples were coated with a “V200A°
thick layer of carboun or gold, respectively, to prevent charging of the

insulating ceramic by the electron beanm.
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C. Cheracterization of Coatings

X-Ray analysis of the various samples was performed on Siemens X-Ray
equipment with a Debye-Scherrer camera and a diffractometer which was used
in conjunction with a carbon single crystal monochromator. Electron micro-
scopy was performed using a Cambridge !Mark II Stereoscan and a FPhilips

F21300 microscope.

o)

RESULTS AND DISCUSSION

Snlat Cooled liature of Plasma Spraved Deposits

Due to the fact that the superheated particles are ejected with the
order of sonic velocity and impinge on & highly conductive surface, the
solidification process is extremely rapid. In fact.solidification rates

6 %o 108 %C/zee. for metals, and 10% to 106 °c/sec.

on the order of 10
for oxides are obtained. The solidification rate for plasma sprayed

A1-1.6 ¥/, si (sprayed onto a low conductive glass substrate) is estimeted
to be 106 °C/sec. Tnis rate was obteined qtilizing an equation for the
determination at splat-cooling rates based on the scale of microstructure.
The dendrite spacing in Figure 7 is used to approximate the solidification
rate, which shows two SEM's of Al-1.6 W/O Si plasma sprayed onto a glass
substrate in a single pass.

As a conéequence of the rapid cooling rates, plasma spreying may be
considered to be splat-cooling and, therefore the microstructures of the
materials obtained from both processes should be similar. Comparative
structures of ceramics produced by splat ccoling and plasma spraying are not
available, but the transmission electron nicrographs of Al-Si alloys shown
in Fig. 8 illustrate the similerity. Fig. 8a shows the alloy splat-cooled
oy the Duwez gun technique and Fig. 3b by plasma spraying. FPoth micrographs
exhibit fine, columnar grain structures within eaéh platelet, V0.5-1.0 um

in width and 2 3 m long. A similar structure is also obteined for Al,04
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(rig. 8ec).

Tne morphology of the coatings was examired by SE4 which, because of
its high resolution and depth of field, enabled the overall lamellar nature
of the coating and the grain structure of the individual platelets to be
observed in detail. TFigure 9 shows these features in an A1203 sample which
was sprayed at 90° to the substrate. Coatings spreyed at angles less than
90° have more asymmetric morphology with lower coherency titween the
particles.

A process-inherent temperature gradient is produced throughout the
substrate and coating which creates residual stresses and, consequently,
results in microcracking in brittle materials such as A1203. Furthermore,
because of the rapid gquenching many particles partially solidify before a
uniform flow is achieved. Thus, they are unable tc fill all cavities in
the previous layer and the resulting structure has a porosity of < 12% (10).
Both pores and microcracks are precursors to failure and shoula in general
be avoided.

The columnar grain structure within the platelets is typical of the
pure ceramics. However, additions of other oxides, eg. Y203 or TiO2, results
in a more equiaxed grain morphology, Fig. 10.

A number of metastable, high temperature phases are observed in thermally
sprayed Al,03, instead of the steble a (ccrundum). Such phases have been
reported earlier (11-13) but, in the present investigation, a dependence
of the specific polymorphs of alumina on the cooling rate of the deposit

has been detected. In plasma sprayed A1203, the comrmon high temperature

(o)

phiases are §, 0 with some y and a, whereas in the low temperature oxyacetylene
spray process the common phase is y, with some 8 and a. In very thick plasma
sprayed coating (>250 um) very little § and 6 have been observed, here the

sredominant phases being y and . Thus, it appears that thicker coating
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are cocled rore slowly because of the poor conductivity of a ceremic

coating and tne repeated reheating of the gun as it is pascsed over the work

o]

iece. This process eanneals the layers of the coating already deposited
enabling the structure to equilibriate to the stable corundum phase.
These observations show that a thick plasma-sprayed coating will be more
similar to the lower temperature flame sprey process, at least from the
point of view of metastable polymorphs.

Samples annealed at 1000°C for 1 hour or more underwent definite
structural change as indicated by x-ray diffraction line broadening and
shifting. Moreover, scme diffraction peaks disappeared and others began
to emerge. The former corresponded to either y or 6—A1203 and the emerging
peaks were all those of the a-phase. For semples left a 1100°C for 2 or
more hours, the reversion to corundum was almost complete. Associated
with a crystal structure change is a lattice parameter change and, conse-
quently, a volume change. With the revers%on from the metastable structures
in A1203 to corundum there is a shrinkage associated, which in the case of
the reversion from 8§ > o is “8%. This leads to microcracking of the deposit
and possible coating failure.

Selected area diffraction (SAD) of ion-thinned samples of the sprayed
ceramics confirmed the presence of the metastable polymorphs. Fig. 11
shows a grain of A1203 and its corresponding electron diffraction pattern.
The major spots are indexed as 5-A1203, whereas the streaked spots are
indexed as the next lower temperature polymorph, 8-Al20.. The streaking is
caused by a particle size effect. The emergeﬁce of the O-phase may have
occurred during the solidification process or may be due to local beam heating

in the microscope. The scquence of emerging Al.,O3 phases observed with TEM
[

is as follows:




This sequence is consistent with the x-ray results of Dragoc and Diamond (1h4),

:z:

discussed above and as shown in Fig. 8 there is a derfinite similarity
between plasma-spreyed and splat-cooled metals. This similarity elso holds
for sprayed ceramics as was shown in Fig. 8. In plasma sprayed coatings the
grain shapes vary, beginning with grains elongated several micrometers in
the plane of the platelet for the first several lgyers and perpendicular
for later ones. This phenomena is due to the liquid spreading outwards
from areas where solidification has initiated. In thicker sections, i.e.
farther into the coating, we find coluuznar growth normal to the substrate
surface. This is a characteristic structure in ingot solidification.
Furthermore, it is interesting to note, that columnar growth normal to the
derosition surface or parallel to the direction of heat flow is also reported
in sputter-deposited films (15).

An observed amorphous interface layer may have the effect of enhancing
the bond strength of the coating to the supstrate. It is suggested that
at the time of impingement the A1203 is a highly viscous liquid, a glassy
emorphous material, and thus attains better mechanical coavact 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-type fine grained structure observed by EFMY correlates
with the TEM observations (shown in an inset in TFig. 9) and is characteristic
of sprayed coatings. However, if impurities such as Y04 (3%) are added to
A1203 the grains become equiaxed, although the columnar macrostructure is
maintained. This may be due to grain boundery pinning caused by Y203 or other

"fluxing" materials.

|

oaaian 1&‘“.‘.‘-‘




There are other importani esvects of these additives. For example,
Y203 acts as a glass former and not only decreases the porosity of the
coating but also erhances the adhesion (10). These bencficial effects of
Y203 (3% to 10%) are attributed to the flass forming ability of the second
pnase which solidifies at a temperature well below the solidification
temperature of A1203 (2060°C). It is, therefore, able to flow more readily
enabling 2 more complete interaction with the sandblasted substrate surface.
This causes an infilling of the interstices between the platelets of the
rore rigid crystalline oxide.

In some cases additives will have a stebilizing 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 exposed to a high temperature
environment, and thus catastrophic failure may result. It may, therefore,
be advisable that a crystallograrhic and microstructurel study be made of

any coating material that has known stable or metastable polymorphs, before

the coating material is used.
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TABLE 2
3 Coating Materials
M 'l Purity (%) Source
AL, 99.28 lorton #183
Al?o3 99.+ Cerac #1004
Y203 99.9 Ventron
HgA12Oh 99.+ Cerac #1117
2r0, (stabilized) 9.4 Norton #252
> Al-1.6Y/, si 99.99 ! Alcoa (wire)
TABLE 3
Spray Parameters (Ceramic Powders)

Arc current L00a
Arc voltage L8v
Arc gas

argon (primary) 241 x 1072 m3/hr®

hydrogen (secondary) 14.2 x 1072 m3/hr®
Fowder feed rate ; 7.0 gm/min
Fowder carrier gas

argon 10.8 x 10° n3/hr®
Cun to substrate distance T« to l2.5 om
2 Gas pressures 3.45 x 10° Pa
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TABLE 4

Acceleration potential 5-6 kV
Gun current <0.5 ma
Ion current 75-100 pa
Glanzing angle (0) 152259
Semple thickness (initial) 25-35 um

Thinning time
initial @ 25° (0) 3 hours

total 12-1T hours

Vi. COICLUSIONS

The central thrust of this ARO-supported research program has been the
establishment of metastable structures thrqugh 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
materials are observed to undergo. It has been possible to find a spinodal
mode in LQ Al-22 Zn and ir LQ Au-Pt 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 Al-22 Zn, but, this unfortunately is not readily seen
in the other alloys which were gstudied.

The vacancy concentration, at least those that are mobile, is seen
to be low and does not contribute to rapid decomposition kinetics. High
vacancy concentrations are not detected in As-LQ alloys due to loss during

or immediately following LQ at the surfaces and at the very closely located
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grain boundaries. Another effect, as yet unclear, is the possibility

tnal the vacancies are not brought into the solid after the passage of the
rapidly moving solid-liquid interface. More work is necded to resolve
this question.

The laser and plasma spray techniques have been used to study the
structure of as-LO oxides and subsequent precipitation behavior. Here,
spinodal decomposition was sought in, fcr exemple, the systenm A1203-Si02,
which is amorpnous when LQ. SANS studies at ILL-Grenoble, France, eas
prart of this study, egain 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 en underutilized and certainly insufficiently
asppreciated technique for forming metastable alloys and oxides (not to
mention carbides and composites). We have examined microstructure, kinetics
and properties of oxide coatings formed by plasma spraying. ‘Iwo proolems
remain: excessive porosity and, sometimes, poor coating-substrate adhesion.
These limitations, we feel, however, can be avoided by atmosphere-control

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

metals, oxidation is minimized, or essentially avoided.
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