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Amorphous phase formation of the pseudo-binary
Al,03-Zr0O; alloy during plasma spray processing
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Thick deposits of the Al,03-ZrO, with near eutectic compositions were prepared by
plasma-spray deposition and subjected to heat treatment to investigate the crystallization
and phase transformation behaviors. The structures of as-sprayed deposits are mostly
amorphous and a small amount of t-ZrO, and y-Al,O3 particles with a diameter of
approximately 20 nm are also present. Simultaneous crystallization of t-ZrO, and y-Al,03
from the glass occurs at 945 °C, followed by §- and «-Al,O3 above 1000 °C, and only a-Al,0O3
are observed above 1200 °C. Phase transformation of t-ZrO, to m-ZrO, occurs at 1213 °C.
There is no appreciable difference in amorphous formation and subsequent crystallization
and phase transformation behaviors with two different feedstock powder sizes. It is shown
that it is feasible to produce the thick amorphous Al,O3;-ZrO, materials with proper control
of plasma spraying process parameters. © 1999 Kluwer Academic Publishers

1. Introduction It is known that the transformation toughness is based
Plasma spray deposition processing offers perhaps then the martensitic transformation of t-Zg@ m-ZrG,.
highest potential for the microstructural control benefitsThe role of AbOs for the stabilization of tetragonal
of hightemperature materials achieved by rapid solidifi-ZrO- is controversial. Kagawa et al. [6] reported that
cation processing. Throughout the analysis of rapidhe amountofthe m-Zr@decreased with theincreasein
solidification processing, the conditions of nucleationAl,O3 content, thus indicating the stabilization of the
and liquid undercooling behavior have been recognized-ZrO, by the ALOs. However, McKittrick et al. [7]
for the strong influence that they can exert on the initialsuggested that AD3 did not chemically stabilize the
stage of solidification structure formation [1]. More- t-ZrO; crystal structure because monoclinic and tetrag-
over, the amount of undercoolingzT) prior to and  onal particles of similar size showed no difference in
during solidification has the most pronounced effectAl,Os; concentration.
on the nucleation of equilibrium and nonequilibrium  Several studies have reported amorphous materials
crystalline phases as well as on amorphous phasesf the AlL,O3—ZrO, eutectic composition (42 wt% or
Thus, itis realized as being a central factor in determin37 mol % ZrQ) obtained through plasma spraying [8],
ing microstructural development by controlling phaselaser-splatting [8], electrohydrodynamic atomization
selection during solidification. The phase selection9], and melt extraction [7, 10]. With all of these meth-
range includes various novel metastable phases inds, the glassy materials did not comprise the bulk of
addition to the distinct refinement of scale in the finalthe solidified product and were found only in small sam-
microstructure products, resulting from rapid crys-ples or in small areas of a sample. For example, it was
tallization kinetics and, ultimately, amorphous phasefound that the amorphous state is accessible between 0
formation with the proper amount of undercooling and 75 wt % ZrQwith a peak of about Lm inthe max-
down to the glass transition temperature, Tg, as well. imum size of amorphous powders at the eutectic com-
Al,03-ZrO, system has been extensively investi- position of ALO3z-42 wt % ZrQ, [9] because the eutec-
gated because AD; with dispersed tetragonal ZpgO tic composition has the lower melting temperature and
was found to have transformation toughness bearingreater potential for obtaining amorphous structures.
a wide variety of applications [2-4]. It is well es- This article reports on the amorphous formation of
tablished that pure zirconia has three polymorphicrather thick (over 2 mm in thickness) ADz—ZrO, de-

fluorite-based, equilibrium structures [5]: posits by plasma spray deposition. The structures and
" p crystallization behaviors of as-sprayed and subsequent
liquid ~*2” cubic (c) %22 “tetragonal heated treated deposits with near eutectic compositions
are assessed using SEM, TEM, DTA, and XRD experi-
950~1150°C - .
)" <7 “monoclinic (m) mental techniques.
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TABLE | Properties of feedstock powders used in this study TABLE Il Characteristics of as-sprayed deposits

Chemical Size Bond
Specimen  composition range Manufacturing Specimen Thickness Porosity Hardness strength
code (wt %) ftm)  method Phas@s description (mm) (%) (HV) (kglcy)

Al,O3 57.9 t-ZrQ (64%) A Thin 0.15 10.2 513 (444-5479 541
A(Fine)  Zr0, 39.8 5-23  Fused a-Al,03 Thick 2.10 5.9 460 (435-488) —

TiOz 2.3 m-ZrQ& (36%) B Thin 0.16 9.¢ 594 (512-666) 478

Al,03 59.1 m-ZrQ (88%) Thick 2.15 4.8 493 (434-549 —
B (Coarse) ZrQ 38.8 22-45 Agglomerated «-Al;03

TiO 2.1 & sinterd t-ZrQ (12%)

aMeasured by image analysis’Measured by MIP (Mercury Intru-
sion Porosimeter). “Measured by 300 gram load at cross section.
dMeasured by 5 kg load at cross section.

@Measured by X-ray diffraction according to Ref. [11].

TABLE |l Plasma-spraying parameters

Parameters A B
Primary gas, Ar (SLPM) 40 40
Secondary gas, HSLPM) 14 14
\oltage (V) 73 72
Current (A) 550 600
Spray distance (mm) 120 120
Spray rate (g/min) 30 30

2. Experimental procedure
Table | summarizes the characteristics of the feedstocks.
powders investigated. A small addition of i3 prob- >
ably to stabilize the tetragonal phase of ZrOhe com- 258 .
positions of both powders (A and B) are near eutectic KIRARTBIIE:3
composition, but the size of A powder is finer than that
of B powder. Itis interesting to note that the main phas
of finer (A) powder is the tetragonal ZpObut the main
phase of coarser (B) powder is the monoclinic ZrO

Figure 1 Back scattered electron image of the cross section of the
%Iasma—sprayed Zr$-Al»03 thick deposit.

values of thick deposits are a little lower than that

The deposits were prepared by conventional plasmf:a
. . round 10%) of expected probably because a mercury
spraying with a Metco-Sulzer F4 gun (PT-M1100). Theintrusion porosimeter can measure only the open pores,

pi?;g?/;serr’;ag ?Zraergitﬁtf I%rve\}/ gg’g;:]n;;22||ev\1ilih-rgemdrﬁéxcluding closed pores. Fig. 1 shows the back scattered
P pray . electron image of the cross section of plasma-sprayed

D e subalte s e u5rBck depost using coarser (2) powders. It show 3
' P y pical of the plasma-sprayed ceramic coatings, that is,

an_?hi”egrg;iorgffr?:gg]:izufdn:ﬁgk deposits was de'[_here are numerous pores, crack, and unmelted parti-
€ porosity praye P cles. It was determined by EDS that bright lamella are
termined with a mercury intrusion porosimeter (max-

UM bressure. 60.000 bsi corresoonding to pore Si ZrOo-rich and dark lamella are ADs-rich. The struc-
Ira# e%f 0 (?03’to éo n? IThe h%se ::ogm ops't'onslz?ure of the thermal sprayed deposits is inhomogeneous

9 . fum). P postt and composed of lamella that may have different chem-
of the deposits were measured in the as-sprayed a

. . i ' Neal compositions.
e s e o o s Sty F6_ 2 ShoWS e Xray ifacion patern of
' : the ALOs—ZrQ, thick deposit surface. The X-ray
and any phase transformation temperatures. The sam-
ples were heated at 1C/min between 25-1300C
using an A}O3 powder reference standard.

For the TEM study, as-sprayed thick deposits weret
cut to about 0.8 mm thickness with a diamond saw ancx
mechanically polished down to about 106 and then 2
ion-beam thinned, followed by deposition of a thin layer ‘E
of carbon before examination under a Philips CM200«
operated at 200 kV. '

The heat treatment of the as-sprayed deposits werg
carried out for one hour in vacuum at 900-13@

The vacuum was maintained with210~° torr during ol | , L

the whole heat treatment cycle. 2. . 4. 5. 6. 0.  80. 9.  100.

3000

t-Zr0z

1V

lat

3. Results and c_llscussmn L. Figure 2 X-ray diffraction pattern of the plasma-sprayec@®5—2rO,
Table Il summarizes the characteristics of the plasmahick deposit surface. Al of the as-sprayed deposits show identical

sprayed thin and thick deposits investigated. Porosityiiffraction patterns.
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TABLE 1V Indexing of SAD pattern of Fig. 4

o 4 ’ A t-ZrOz y-Al203
S . dobs d hk d hkl
£
< h 3.04 2.995 10 — —
g’ ! 2.51 2.574 110 — —
£ I\ B 2.23 — — 2.28 222
5§ o ! = 2.01 — — 1.977 400
S B N 1.86 1.841 112 — —

N ~~ 1.57 1.555 211 — —
b

10

, l : , : . : ‘ alloy became increasingly finer with increasing cooling
©00.9 [:[da ) 1000.¢ 1200.0 1400 o

rate, and at the highest cooling rates was replaced by a
fully amorphous structure [10]. However, the lamellar
Figure 3 DTA result for plasma-sprayed #D3—ZrO; thick deposit. structure of the eutectic in our plasma-sprayed samples
was not observed.

Fig. 5 shows the X-ray diffraction patterns of heat-

diffraction pattern suggests that the structures of asiréated samples of the plasma-sprayed thick deposits.
sprayed deposits are mostly amorphous, and trace &ased ontheresults ofXRD and DTA, itisassumed that
tetragonal Zr@ crystals are present. It should be notegSimultaneous crystallization of t-ZgOand y-Al>03
that tetragonal Zr@phase formed during the plasma- 0ccurs at 945-946C corresponding a sharp exother-
spray processing is called “nontransformable tetrago™Mic peak in the DTA curve. A broad exothermic peak
nal” that can be transformed to monoclinic phase only2Pove 1200°C is associated with the phase transfor-
with heat treatment [11, 12]. It is differentiate with Mation of t-ZrG to m-ZrG,. It is worth while to note
transformable tetragonal phase that can be transformdfata-Al203 ands-Al 03 peaks appear and replage
to monoclinic phase when stressed. Further discussioftl 203 at 1100°C and onlyx-Al 03 peaks are observed
will focus on only the thick deposits because X-ray above_lZOGC. This result conforms to previous ob-
diffraction patterns are almost identical to all of the Servations that thermal-sprayed metastabl ,0s is
as-sprayed samples investigated. transfor.med téd- anda-Al,03 above 880 and 100_@:,

Fig. 3 shows the DTA curve of thick deposit sample "€Spectively [14, 15]. A summary of the X-ray diffrac-
with a thickness of over 2 mm measured at a heatingon results is listed in Table V. o
rate of 10°C/min. The amorphous phase transforms to Investigators have reported the crystallization of
crystalline phases accompanied by a sharp exothermf@etgstable phases with highly extended solid solubili-
reaction (A peak in the figure) with the onset temper-ties in the ZrG-Al;03 system [8-10, 16]. They noted
ature of about 946C. There is no appreciable differ- Systematicincreases in crystallization temperature with
ence in the crystallization temperature (945-9@,  Al20s content [13, 16]. The crystallization tempera-
the exothermic peak temperature (956—9&j, and  ture reached maximum (about 980) at around eutec-
the exothermic reaction behaviokK) with two thick ~ tic composition. For example, simultaneous crystalliza-
samples. The DTA curve also shows a broad exothermition of ¥-Al203 and t-ZrG occurs at 870-980C and
peak (B peak in the figure) above 1200. The onset the y-Al20s transforms tax-Al,03 at 1160-1220C
and peak temperatures of the broad peak are 1213 aA@ @morphous AlOs—ZrO, composite powders with
1238°C, respectively. 5-30 mol_% ZrQ[17]. Howeve_r, other papers reported

Fig. 4 shows a transmission electron micrograph andhat the first phase to crystallize from the glass was t-
selected area diffraction patterns of as-spraye®i+  ZrO2 at 944°C, followed bys-Al,03 above 1000C,
ZrO, thick deposit. Most of regions are amorphous in®-Al203 and m-ZrQ appeared at 145 for melt-
TEM examinations as expected from X-ray diffraction €xtracted AJOs—ZrO, eutectic composition [7, 10].
patterns. No long range order was noted in the amord his discrepancy is probably attributed to the differ-
phous areas as indicated by the halos of the selected ar88Ce in amorphous amount of the materials. This leaves
diffraction pattern (Region A in Fig. 4). However, the further investigations. N _ _ _
amorphous regions occasionally contained fine crys- [N the plasma spray deposition associated with rapid
tallites having a size of around 20 nm (Region B in Solidification processes, it is important to consider that
Fig. 4). Table IV lists the result of the indexing of the two distinct but closely related processing conditions
diffraction pattern of region B, and shows that the par_preva|l. The first condition involves a containerless
ticles are likely to be the mixtures of tetragonal 2rO
andy-Al,Oz. Results of chemical analysis by EDS in TABLE V. Summary X-ray diffraction results
the TEM showed that darker regions are Zn@h and

Temperature (°C)

lighter regions are AlOs-rich. The hypothetical free Temperature’©) Phases

energy functions suggest that there is a range of compo9oo t-2rQ only

sitions in the vicinity of the eutectic where crystalliza- 1000 t-ZrQ with y-Al203

tion to a single phase is thermodynamically forbiddent100 t-ZrQ with 5-Al 203, a-Al 205

t-ZrQ with a-Al,03, m-ZrO,

[13]. It was also reported that the lamellar structure of, 5 m-Z1G With .20y, a-Al,05

the eutectic in the melt-extracted&)z-42 wt % ZrQ
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Figure 4 Transmission electron micrograph and selected area diffraction patterns of plasma-spra@geZAD, deposit showing amorphous
structure (region A) and fine crystallites (region B). Zone directions of tzZn@y -Al,03 are [13 1] and [01 1], respectively.

processing aspect in the liquid droplets during flight For plasma spraying, the cooling rates are reported
prior to impact on the deposition surface. The con-to be the order of 10K/sec by calculating heat transfer
tainerless processing represents a technique combinirmptween a plasma-sprayed droplet and a highly con-
rapid cooling rate of rapid solidification aspect with ducting metal surface [21, 22]. Thus, the formation of
slow cooling rate of controlled undercooling by elimi- glass depends on the competition between the cool-
nation of possible heterogeneous nucleation sites froring rate in the liquid and the highest nucleation rate
the containerwall. Examplesinclude containerless drommong all the thermodynamically feasible crystalline
tube processing allowing for significant levels of liquid phases.

undercooling through control of processing parameters, Fine particles are thought to solidify at higher rates
such as sample size, surface coating, and cooling ratban larger diameter particles [9, 23, 24]. For example,
[18, 19]. In the second, a dynamic processing condifine particles yield greater proportions of metastable
tion is dominated at the moment of impact on the sub-gamma phase than do large particles for the plasma-
strate. In this case, the optimum processing conditiorspraying of AbO3 [25]. However, this phenomenon can
of droplets for deposition upon impact is the mixture be overcome by optimizing the torch parameters [26].
of liquid and solid within the droplets [20] resulting In our samples, two different feedstock powder sizes do
from the previous processing condition (i.e., during thenot show any appreciable differences in amorphous for-
flight of liquid droplets). These closely related process-mation and subsequent crystallization behaviors from
ing stages indicate that the most fundamental and kelXRD, DTA, and TEM investigations. Therefore, it is
factor in determining the microstructural evolution dur- feasible to produce the bulk amorphous®@¢—ZrO,

ing entire deposition process is the degree of droplematerials with proper control of plasma spraying pro-
solidification at the point of deposition. cess parameters.
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Figure 5 X-ray diffraction patterns of heat-treated /83—ZrO, de- 12
posits produced by plasma-spraying. (t: tetragonal>Zn® monoclinic- 3
210y, y: y-Al20s, a: a-Al20s, 8: 8-Al,03) (A) 900 °C (B) 1000°C 13
(C) 1100°C (D) 1200°C (E) 1300°C. 14
15.
4. Conclusions 16.

Thin (0.15 mm in thickness) and thick deposits (over 2
mm in thickness) of the AlDs;—ZrO, with near eutectic
compositions were successfully prepared by plasma-

spray deposition and subjected to heat treatment ins.

vacuum to investigate the crystallization and phase

transformation behaviors. The structures of as-sprayetf:

deposits are mostly amorphous and small amount of ,
t-ZrO, and y-Al,03 particles with a diameter of ap-

proximately 20 nm are also present. Simultaneous crys1.
tallization of t-ZrG, andy -Al ,O3 from the glass occurs  22.

at 945°C, followed bys- anda-Al ,O3 above 1000C,
and onlyx-Al,03 are observed above 1200. Phase
transformation of t-Zr@to m-ZrO, occurs at 1213C.

There is no appreciable difference in amorphous formaza4.

tion and subsequent crystallization and phase transfor-
mation behaviors with two different feedstock powder
sizes. It is shown that it is feasible to produce the bulk
amorphous AIOs—ZrO, materials with proper control
of plasma spraying process parameters.
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