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Alumina-Base Plasma-Sprayed Materials—
Part ll: Phase Transformationsin Aluminas*

J. llavsky, €.C. Berndt, H. Herman, P. Chraska, and J. Dubsky

(Submitted 15 June 1996; inrevised form7 April 1997)

Aluminumoxideiswidely usedfor plasma spraying. Alumina deposits consist of a number of metastable
crystallographic modifications, which at elevated temperatures, transform to the stablea phase. It was
shown that additions of various oxides changed the phase composition and shift phase transformation
temperatures. This paper addresses thevariation of phase compositions and temperatures of the phase
changes for plasma-sprayed alumina deposits manufactured with alumina-base materials containing
Cr203 and TiOz.

This study combinesthe results obtained from energy dispersive analyzer of X-rays (EDAX) and scanning
€lectron microscopy (SEM) chemical analysis, differential thermal analysis(DTA),and X-ray powder diffrac-
tion (XRD) quantitative phase analysis of as-sprayed and annealed samples of alumina deposits and
shows how the two additives change the phase composition and the a-phaseformation temperature. This
transformation temperature varied by nearly 200 °C. The metastable alumina sequenceswere alsoinfluenced

by thechemical composition; for example, thecontent of 6 alumina varied between 0 and 55wt %.

Keywords duming oxideceramics, phasecomposition,

phese gahility, plasmaspray

1. Introduction

Theextensive application of aluminum oxidein the thermal
spray (TS) industry is due to its important mechanical and di-
electric properties, wide availability, and low cost. It was, how-
ever, recognized early that these deposits are composed of
metastable phases (Ref 1), which on heating transform into the
stable a-phase. This transformation can be quite complex (Ref
2, 3). Thelamellar structure of these depositsis formed by im-
pact, flow, and rapid solidification of molten or semimolten par-
ticles (Ref 4). Different regions of impacting particles can cool
at different rates, which results in variations of phase content
withinindividual splats (Ref S, 6). Depending on the feedstock
characteristics, spray conditions, cooling conditions, and anum-
ber of other variables (Ref 7), themicrostructures vary widely in
phase content and porosity.

The crystallographic phase composition of alumina TS de-
posits is strongly related to the cooling rate. Generally, higher
cooling ratesresult in theformation of high levelsof y alumina,
lower cooling ratescauseformation of  alumina (Ref 8, 9), and
a further reduction in cooling rates can result in deposits com-
prised of aaumina (Ref 10).

Manufacturing of high-temperature ceramics is a costly
process requiring high temperatures, and therefore, consider-
able effort has been directed toward controlling the structure of
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bulk alumina by chemical additives of other oxides or other
phases of alumina (Ref 11-14). Thetransformation tempera-
ture can be modified by addition of cations of chromium and
iron (Ref 13). Bonder et al. (Ref 15) found that addition of
chromium significantly increased the y-a transformation
temperature.

This paper describes the study of the influence of Cr,O3 and
TiO, additions on the phase sequences and transformation tem-
peratures of plasma-sprayed alumina deposits.

2. Experiment

2.1 Materials

Table 1 gives the feedstock materials chemistry, particle
sizes, phase compositiohs, and production methods.

2.2 Spray Manufacturing

Deposits were produced using the water-stabilized piasma-
spray system PAL 160 (IPP, 18200 Prague, Czech Republic), at

Table1l Feedstock chemistry, particlesizes, phase
compositions, and production methods

Powder Chemigry Paticleszes Phese  Manufacturing
identification AL,O,+, W % um composition method
ABS5 015% Fez03 631090  a,tracep Fusdand
aushad
AH5 4.7%TiO2 501090 a Fusdand
1.3%Fe203 aushad
ACO 13%Cr03  63t090 a,trace B Fusd and
0.9% Fer03 crushed
AAT 17% TiO2 40t0 80 a.tracef  Aggomaaion
<0.1% Fe203 anatase form TiOz 0nto
of TiO2 ABSpowder
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the Indtitute of Plasma Physics, Czech Academy of Sciences,
CzechRepublic. Thesystem wasoperated at 154k W (480Aand
320V) power. The mild steel substrates, couponsof 20 mm di-
ameter and 5 mm thickness, were positioned on asample holder
290 mm from the gun nozzle. The substrateswere grit blasted
priortospraying. Thegun wasvertical ly traversed with thesam-
plespassings owly throughtheflamehorizontally. The powder
feedratewas 16 kg/h. Depositsof approximately 0.5 mm thick-
ness wereformed after three substrate passesin front of thegun.
Thesubstrateswerenot cooled.

23 Annealing

The samples were annedled in nitrogen using two types of
furnaces. One furnace was a vertical, manually controlled fur-
nace, which offered no means of controlling the heating rate
other than thespeed of insertingthesampl ein the hot zoneof the
furnace. Thisinserting (and removing) process was rapid; the
samples reached any temperaturein about' 10 min. Cooling of
the sampleswas controlled by natural coolingin anitrogen at-
mosphere after removing the samplesfrom the hot zoneof the
furnace. The second furnace was a box furnace, where the heat-
ingand coolingrateswerecontrolledat 400 °C/h. Thesimilarity
of theresultsfrom thesetwodifferenttypesof furnaceswasveri-
fied by comparing phase compositionsof samplesannealed for
1100 °C/0.5 hand 1200°C/0.5 hin bothfurnaces. Themeasured
variationsin phasecompositionsfor samplesin thesamecondi-
tion werefrom-6 wt% to +9 wit% with no systematic depend-
enceon thetypeof furnace.

2.4 Experimental Techniques

2.4.1 X Ray Diffraction

Quantitativex-ray diffraction (XRD) phaseanalysiswasper-
formed using nickd filtered copper Ko radiation. Detailsof the
referenceintensity ratio method can befoundin Ref 16-19. The
methodi s based on themeasurementof integral intensitiesof se-
lected peaksof the phasesand relating their ratiosto the weight
content of aphase using aset of constants. The procedureiscali-
brated using samplesprepared with known phasecompositions.
I n the present experiment, these sampl eswere powdered depos-

itsmixed with feedstock (Ref 20).
Table2 Chemical compositionsof thefeedstock materials
and depositsafter plasmaspraying
Chemical composition
Feedstock Deposit
Sanpl e ALO+, wt% ALO4+,wt%
ABS 0.15% Fe203 0.9% Fe203
AH5 4.7% Ti0, 3.6% TiO2
1.3% Fe203 2.4% Fe203
ACO 1.3% Cr203 0.7% Cr203
0.9% Fe203 1.4% Fe203
A4T 17% TiO2 11.5% TiO2
<0.1% Fex03 0.4% Fe203

Averagedas-sprayedand two annealed conditionsfor each sample. Balanceto
100% isalumina
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24.2 Differential Thermal Analysis

Differential thermal analysis(DTA) in an argon atmosphere
was used to study powdered deposit samples. The temperature
rangewas200t0 1300°C (1450 °C for sampleA4T) withaheat-
ingrateof 10 °C/min.

2.4.3 Chemical Analysis

Polished crosssectionsof selected sampleswerestudied us-
ing ascanningel ectron microscope(SEM) equipped with anen-
ergy dispersive analyzer of X-rays (EDAX). Three samplesof
each chemistry were selected: as-sprayed, annealed at 1050 °C
(samples AH5 and A4T) or 1100 °C (samples AB5 and ACO),
and annealed at 1200 °C (sample A4T) or 1250 °C (samples
AB5, ACO, and AH5). TheEDAX resultsfor thethreemeasure-
ments were averaged to yield the chemical composition of the
deposits.

3 Results

31 Chemical Changes

TheEDAX studiesshowed that thechemical composition of
the materials changessignificantly with plasma spraying. The
resultsgiven in Table 2 show asignificantincreasein theFe;03
content after spraying. This can be related to the sprayingtech-
nique, whereFe,03 inclusions can beformed dueto wear of the
external rotational iron anode(anecessary part of thehigh-pow-
ered water-stabilizedplasma{W SP] system). Therewasno sys-
tematic difference in the chemical composition of deposits
between as-sprayed and anneal ed samples. Theincreasewasbe-
tween 0.4 and 1.1% of Fe;03; thelarge variations between sam-
ples were probably due to an inhomogeneous distribution of
Fe,03inclusions.

Some oxidesdecreased in content due to selective evapora-
tion of chemica components(Ref 6). A largedecreasecf titania
in the A4T samplescan berelated to thefeedstock powder. Due
to the powder processing method, which isan agglomeration of
fine titania powder onto alumina grains, the titania grains can
break |oose during thefeedingand spraying processes.

3.2 PhaseChanges

Figures1 and 2 present resultsof theannealingexperiments.
Each chemistry was studied using two sets of timesand tem-
peratures: an isochronal sequencewith aconstanttimeof 1 hat
temperatures between 900 and 1400 °C and an isothermal se-
guence with a constant temperature of 1100 °C with times be-
tween 0.125 and 5 h. Variationsof phasecompositionsin Fig. 1
and 2 were approximated by smooth curvesto visudize thede-
pendencies. The phaseanalysisresultsfor thesamplesaregiven
below.

3.2.1 ABS

The as-sprayed deposit of the AB5 material was approxi-
mately 87%0f 8-phase, with the remainder being o.-phase. The
isochronal sequence (Fig. 1a) of the phases showed a large
amount (-54%) of the B-phase formed between 1000 and 1200
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°C. Theisothermal sequence(Fig. 2a) showed amaximumfor
the 8-phase content at 1 h. The 8-phase content leveled after
about 1 h, whilethe a-phase increased with time.

3.2.2 AHS

The as-sprayed AH5 deposit consisted of approximately
77% y-phase and 23% a-phase. Thisy-phase transformed for
even the lowest (900 °C) annealing temperature into the 6-
phase. No 8-phase wasfound in this material under any condi-
tions. During the isochrona sequence at approximately 1050
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°C, the§-phase transformeddirectlyintothea-phase. Intheiso-
thermal sequence(Fig. 2d), the phasecompositionchanged dur-
ing the shortest annealing time (0.125 h) intoa 50:50 ratiodf a

and 6 phases. Thedepositsfully transformed into the a-phase
within1h.

323 AQO

Theas-sprayed AGOdepositconsi sted of approximately 89%
d-phase and approximately 11% o-phase. The isochrona se-
guence (Fig. Ib) showed the presence of the 8-phase with a
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FHg 1 Resultsof theisochronal experiment.Samplesheat treated for 1 hat different temperatures(a) Sample ABS. (b) Sample ACO. (c) Sample A4T.
(d) Sample AHS. Dependenciesar eappr oximatedby smooth cur vesfor readability.
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maximum of approximately 16% at about 1170°C, Theisother-
mal sequence(Fig. 2b) showed slow changeswith acontinuing
decrease of the §-phase and an increaseof the o and 6 phases.

324 A4QT

Theas-sprayed A4T deposit consi sted of approximately 80%
y-phase, 19% o.-phase, and <1% rutile. Theisochronal sequence
(Fig. Ic) exhibited approximately 30% 6-phase at 1060 °C.
Most of therutilewasformed at thistemperature. Therutilecon-
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tent leveled at higher temperatures(above1150°C), which sug-
geststhat al or most of thetitania wasprecipitatedfromthealu-
mina. The isothermal sequence (Fig. 2¢) showed complex
changesin phase content. The phase compositionchanged rap-
idly within thefirst hour and then remained stable.

325 AllSamples

Figure 3 best illustratesthe effect of chemical additiveson
the a-phase formation. The addition of Cr,03 caused a shift of
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Fig.2 Resultsof theisothermal experiment. Samplesheat treated at 1100 °C for upto5 h. (a) SampleABS. (b) Sample ACO. (¢) Sample A4T. (d) Sam-
ple AHS. Dependencies areapproximated by smooth curves, or pointsare connected for better readability.
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the a-phase formation temperature to higher values. The de-
creasein theslopeof thegraph for thissampleindicatesthat the
transformation occurredin awider rangeof temperatures. Addi-
tionsof TiO, caused adecreasein the a-phase transformation
temperature.

33 DTA

Figure 4 shows the resultsof the DTA measurements. Pre-
vious measurements (Ref 21) reported a weak response of the
DTA for most of the phasetransformationsnaumina. Theonly
phasetransformationreported in Ref 21 that can bereliably rec-
ognizedinthe DTA spectrum i sthea- phaseformation, whichis
represented as an exothermic peak between 1100 and 1300 °C.
Thiswasalso verified in thisstudy. The enthal piesof transfor-
mations between y-6 and 6-a phases are approximately —2.7
keal moI™! (Ref 22), whiledatafor thes-8 transformationarenot
available. Different kineticsof these phase transformationsare
thelikely reasonsfor difficultiesin recognizing they-6 transfor-
mation ascompared to the 6- atransformation. Sample A4T ex-
hibited another (endothermic) peak at approximately 1350 °C,
which wasidentified by XRD analysisto be part of the Al,TiOs
phase.

Temperaturesof the DTA peaksfor the 6-a phase transfor-
mation varied with thechemical composition. Theresultsgener-
ally agree with the findings from the annealing experiments
regarding the dependence on the chemical composition. For
ABS, ACO, and AHS, the DTA results were approximately 100
t0150°C higherthanthehesat trestment resultsfrom theisochro-
nal sequence. Thiseffect can berelated to thedifferentkinetics
for theseexperiments. For A4T, thetemperaturevariationisap-
proximately 50 °C. Thisvariationis probably related to the pre-
cipitationof rutilefromaumina.

4. Discussion

The phasetransformationsin TS aluminaexhibitedastrong
dependenceon thechemical composition.Thea-phase transfor-
mationtemperatureincreased withtheadditionof Cr,03 and de-
creased with the addition of TiO,. This temperature varied by
nearly 200 °C. Thechemica inhomogeneitiesinthe A4T sample
(precipitationof TiO, in theas-sprayed and in theannealed con-
ditions) cause the more complex behavior as compared to the
AH5 samples. In the current experiment, no influence of the
Fe,03 on the phasetransformationscoul d berecogni zed.

Theas-sprayed sampl escontainingTiO, consisted mainly of
y-phase, while the sampleswithout TiO, were mainly 6-phase.
Thelowestannealingtemperatureof 900 °C led toatransforma-
tion of all depositsinto §-phase. This suggests that the TiO,
causesashift iny-6 transformation to higher temperatures, and
therefore, the deposits can retain ay structure under the same
plasma-spraying conditions.

The amount of 8-phase varied between approximately 56%
for the ABS deposit and 0%for the AH5 deposit. The range of
temperaturesfor which the8-phaseexisted started above 1000
°Cfor all sampleswherethis phasecould befound. It existed up
to temperatures wherethe depositswerefully transformedinto
thestable a-phase.
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Lessthan 1% rutilewasfound in the A4T samplein the as-
sprayed state. Atapproximately 1100 °C, theamountof rutilein-
creased toabout 13%. Thiswasal sothetemperaturef or o-phase
formation, suggesting that the majority of titania wasdissolved
in metastable phasesof auminaand was precipitatedduring the
formation of the stable a-phase. The DTA spectra for A4T
showed that at approximately 1350°C, the TiO; reactswithalu-
minaand formsAl,TiOs. No precipitationof TiO, and Al,TiOs
was observed for the AH5 sample, suggesting that the limited
TiO, content in thissamplecan bedissolved evenin aaumina
under theseconditions.

5. Conclusions

The phase compositionsand phase transformationtempera-
turesin plasma-sprayed aluminasampleswerevaried widely by
changing the chemical composition of the feedstock material.
The addition of Cry0O3 increased the a-phase formation tem-
perature, while the addition of TiO, caused a temperature de-
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crease. Therangewithin which the a-phase formation tempera-
turewasvaried was-200 °C. The preciseinfluenceof theFe,0;
was not established from thisexperimentand will requirefuture
studies.

The content of the metastable phases was varied signifi-
cantly. For example, the 8-phase content varied between 0 and
approximately 56%. The major metastable phase in the as-
sprayed deposits was y for deposits containing TiO, and 8 for
other deposits.

Theresultsobtained from sampleswith high chemica inho-
mogeneitiesindicated an influenceon the phase sequencesand
transformationtemperatures.

Applicationsof plasma-sprayeda uminadepositscan beop-
timized for phase composition and phase stability in a wide
range of temperaturesby relatively small variationsof chemical
compositions. Homogeneity of the deposits may be necessary
for good control and may requiresuitable powder manufactur-
ing methods.
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