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Abstract

Al,0,-13 mass% TiO, depositswere produced by water-stabilized plasmaspraying (WSP).
Metastable alumina in the as-sprayed deposit completely decomposed on heat treatment above
1373 K for 8.64 x 10* s. The B-Al,TiO, which formed on heat treatment above the eutectoid
temperature of 1553 X induced the formation of cracks (or pores) on cooling. A two stage heat
treatment, either above or below the eutectoid temperature, healed cracks and eliminated the
detrimental b-phase; thereby resulting in more porosity reduction than prolonged heat treatment
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a ahigher temperature. A new water Archimedean measurement techniqueis also proposed
which gives more accurate porosity values than the ASTM Standard Test Method and the
mercury intrusion porosimetry (MIP) technique. An equation is derived for the penetration of
water into pores from which pore diameterscan be estimated.

1.0 Introduction

Thermal sprayed ceramic deposits generally contain voidssuch as (i) pores between
flattened particles and (i) vertical cracks arising from the thermal shrinkage of particles
during and/or after spray processing. In addition to these voids, two types of poresare
expected to form in thermal sprayed Al,0,-13mass%TiO, deposits. (Note that the terms
"pores” or "'porosity" are a so often used to describe, in ageneric sense, the many different
typesof specific™voids".) It iswell known that the rapid cooling of molten aluminaor the
resulting large undercooling favours the formation of metastable y-aluminarather than
stable a-alumina.!? Unless the substrate temperature is sufficiently high, the major
congtituent of the as-sprayed deposit is metastabley-aluminaor 6-alumina. Heat treatment
can improve the properties of the deposit through the conversion of y-auminato a-
aluminaof higher hardness and through adecreasein porosity. They .- atransformation,
however, is accompanied by a volume decrease and induces pore formation. When the
alumina-titania sintered body is heat treated above the eutectoid temperature of 1553 K,
the modulus of rupture of the sintered body is drastically reduced.? This behaviour has
been attributedto crack formationon coolingcaused by the presenceof the high temperature
B-AlTiO, phase* The aim of the present work was to study (i) the pore structures and
densification of Al,O -13mass % TiO, deposits produced by water stabilized plasma
spraying; as well as f‘x'i) phase changes which may occur on heat treatment. A new
experimental method and associated data analysis for measuring porosity was also
investigated that allowed the above microstructural propertiesto be examined.

2.0 Experimental Procedure

2.1 Specimen Preparation

A fused-and-crushed powder of Al,0,-13 mass% TiO,, Tablel, wasthermal sprayed
to a thickness of 5 mm onto a 6.4 mm x 51 nm x 152 mm steel substrate using AGP
equipment (system PAL160, The Ingtituteof PlasmaPhysics, Prague, The Czech Republic).
Prior to spraying, the substrate was grit blasted and coated with a thin aluminium layer
applied by two wire arc spraying. The Al,O,-13 mass % TiO, deposit was separated from
the substrate by dissolving the aluminium coating in hydrochloric acid.

2.2 Heat Treatmentsand Structure Examinations

The deposits were hest treated in air in an electric furnace followed by cooling at
2.78 x 102 K/s (100 K/h). X-ray diffraction patterns were taken of these deposits. The
depositswere impregnated with chromium oxide (see Hamano et al.3 for details) to clearly
resolve the pores. The depositswere held above asaturated agueous solution of chromium
trioxidein avessel at 3.3 kPa for 600 s. The deposits were placed into thesolution and air
introduced into the vessel. Then, the vessel was pressurized to 810 kPa, thus forcing the
aqueous solution into the pores. These deposits were dried and heated at 773K for 7.2 x
10% s (2 h) to convert CrO, to Cr,0,. This procedure was repeated five times to fill the
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Table 1. Constituentsof the Feedstock and the Deposits

Specimen | Heat Treatment Y ) a R B
Powder Powder e R 3]
AS As-sprayed ; R B
F11 1173 Kx 24 h R B
F13 1373 Kx 24 h R B
F15 1573 Kx 24 h R B
F17 1723 Kx 24 h R B
F17W 1723 K x 24 h R B
F17 + 13 + 1373K x 24h R

a=a-Alumina, f = g-Al,TiO,, y = y-Alumina, = 8-Alumina and R = Rutile.
The Main Constituent isidentified within the shaded boxes.
Brackets indicate a minor component.

pores with Cr,O,. Back scattered electron images of the cross sections of these deposits
were examined.

2.3 Porosity M easurements

The porosity of the deposits was measured by conventional mercury intrusion
porosimetry (MIP) and water Archimedean methods (WAM). As well, three other test
protocols were employed for the WAM. In the first method, the ASTM Standard Test
Method (C373-72) was adopted, in which the deposits were boiled in distilled water for
1.8x10* s (5 h), followed by soaking for an additional 8.64x10* s (1 day). The second
method isreferred to asa' modified ASTM method" where the deposits were held for 600
s in a desiccator at a pressure of 3.3 kPa above the deaerated distilled water of ambient
temperature, and the deposits were placed into the water. Then, the deposits were boiled
for 1.8 x 10* s(5 h) at atmospheric pressure, followed by soaking for an additional 8.64x
10* s (1 day). In the third method, the deposits were immersed in distilled water at 291 K
and atmospheric pressure, then the porosity was measured every day by weighing the
deposits in water and in air.

3.0 Reaults

3.1 Phase Composition of the Deposits

Table 1 summarizes the constituents of the as-sprayed and the heat treated deposits.
Asiswell known, the as-sprayed deposit iscomposed primarily of metastable y-alumina.
Heat treatment at 1173 K converts the main constituent to metastable 6-alumina. In the
deposits heat treated at and above 1373 K, the constituents are the phases which appear in
the equilibrium phase diagram of the ALO,-TiO, system.§
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The equilibrium eutectoid temperatureof the Al,0,-TiO, system has been reported
to be 1553 K by Kato et al.? The B-Al,TiO4 detected in deposits F15, F17 and F17W at
room temperature evolved from incomplete phase decomposition during cooling from
abovethe eutectoid temperature. The absenceof 8-Al,TiO, in deposit F13 implied that $-
AL TiO, in the as-sprayed deposit (i.e., specimen”'AS") wasinherited from the feedstock.
This speculation is supported by the fact that unmelted powder particleswere present in
the AS deposit.

3.2 PoreMicrogtructuresof the Deposits

The average thickness of the flattened particles within the deposit was about 9 pm
with most splats between 2 um to 13 pm. The backscattered el ectron imagesaof the cross-
sections of the Cr,0,-impregnated depositsare shown in Figure 1. Pores, including splats
which did not appear to be in contact, and vertical cracks were filled with Cr,0, and
appeared as white lines. Many poreswere interconnected in deposits as-sprayed and heat
treated below 1373 K (i.e., Figure 1(c)). As the heat treatment temperature became high,
the network structureof the poreswasimperceptibleand only large poreswereseen. This
change was most noticeable between 1373 K and 1573; i.e., Figures 1(c) and (d).

The surface pores of the deposit, which were subjected to MIP and then heated in
vacuumto remove the mercury, werefilled with petroleum jelly and the volumeV of the
deposit measured by WAM. The open porosity ¢, (%) of the deposit was cal culated from
thefollowing equation:

Wv
€, = V”xlOO% )

where W is the weight of the deposit without the surface sealing and v is the volume of
mercury intruded into the deposit of unit weight measured by MIP. Theresultisshownin
Figure 2.

Immediately after immersing thedepositsin water at atmospheric pressure, numerous
small air bubbles appeared from inside thedepositsand indicated that poreswereconnected
and that water penetrated into the deposits. The “measured porosity" gradually increased
with the soaking time. Even after soaking for 6.05 x 10° (s) (7 days), the ""measured
porosity" continued to increase. Figure 2 shows the " measured porosity* obtained after 7
days of soaking, together with the porosity measured by other methods.

The porosity measurement of a given deposit increased according to the following
order of the particular test method; (i) 7 dayssoaking, (ii) the conventional ASTM method,
and (iii) the modified ASTM method. The open porosity measured by MP was lower
than the value found by the modified ASTM method, except for deposit F11. Although
the difference in porosity between the modified ASTM method and the ASTM method
wassmall when the porosity was high, it becamelarge with decreasing porosity; the ratio
being about 1.5 for the F17+13 deposit.

The porosity increased when the as-sprayed deposit was heat treated at 1373 K or
1573 K. Thisincrease resulted from crack formation due to the volume shrinkage arising
from the decomposition of low density y-aluminato high density a-alumina.? Doubling
the heat treatment time at 1723 K does not alter significantly the porosity; whereas heat
treatment at 1373 K subsequent to one at 1723 K markedly densified the deposit. The
M P results indicated two distinct pore diametersa ~ 0.1 ym and 1 pm (see Figure 3);
except for deposit F11 which was subjected to aless intense heat treatment schedule such
that any phase transformations to a stable structure were incomplete. The 0.1 ym pores
appear in the deposits which were heat treated above the eutectoid temperature.
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Back scattered electron images of the crosssectionsof the Cr,0,-impregnated
deposits. Hest trestment conditionsare (a) assprayed, (b) 1173 K x 24 h, (c)
1373K x 24 h, (d) 1573 K x 24 h, (€) 1723K x 24 h, and (F) 1723 K x 24 h +
1373 K x 24 h.
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Figure 2:
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4.0 Discusson

4.1 Porosity Formation and M odification M echanisms

It is interesting to note that while the porosity was not reduced much by increasing
the heat treatment timefrom 8.64x10*s (24 h) to 1.728x10° s (48 h) at 1723K, it decreased
significantly after heat treatment at 1723 K for 8.64x104 s (24 h) followed by treatment at
1373 K for 8.64x10* s (24 h). This result can be explained in termsof crack formation on
cooling from above the eutectoid temperature. The densities of a-alumina, rutile and $-
ALTiO; at the eutectoid temperatureof 1553 K are estimated from their densities at room
temperature’® and their thermal expansion coefficients'®!"; and are 3.84 x 10? (kg/m3),
4.12x103 (kg/m?) and 3.56 x 10% (kg/m?3), respectively. Assumingno changein the apparent
volume of the deposit, about 3.1% porosity was formed due to phase transformation.
Although the volume thermal expansionof B-Al,TiOy is not too different from that of a-
aumina and rutile, B-Al,TiO, has a significant expansion anisotropy,'® which may also
form cracks.*19 Thus, the above two mechanismsaof crack formation operate.

When deposits containing these new voidswere held at 1373 K, which is below the
transformation temperature but high enough for the cracks or pores to heal, then porosity
would be reduced. The two stage heat treatment proposed in the present work was, thus,
more effective in reducing the porosity than the prolonged heat treatment at a high
temperaturefor two reasons; (i) thereduction of porosity through the healing of cracksor
pores, and (ii) the elimination of B-Al,TiO,.

4.2 TheModified ASTM Method for Measuring Density

After immersing the deposits in water of 291 K at atmospheric pressure, water
gradually penetratedinto the depositsand the™ measured” porosity increased with soaking
time. It is expected that analysis of this time dependency of the measured porosity will
provideinformation on the pore structure; as detailed below.

The water entering the pore channel formed a concave meniscus a the advancing
front. Assuming the pore channelsto have constant circular cross-sections, the capillary
pressurearising from the surface tension of the water is 0.145 MPa and 1.45 MPa when
the radii of the channels would be 1 pm and 0.1 pm, respectively. This high pressure
would enhance displacement (by the water) of any air remaining in the pore. This air
would diffuse out of the deposit down the concentration gradient in the channel. The
soaking time dependence of the measured porosity is expressed as follows with the
additional assumption that the air diffused under a quasi-steady state; i.e.,

2
* .
Ez-E2=2(3) D(C C°)RT(t—t;)

"AL,] P, +AP @
where:
E : the porosity measurement at any time
E, : red open porosity
E, : porosity measured & aspecific timet =t
L, = tE;where

1 : tortuosity factor of the pore channel

E : haf thicknessof the deposit
D : 2.3x107%(m?!), thediffusion coefficient of "air" in the water
R : 8.3145 (JK''mol'!), gas constant
T : 291 (K), temperature
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P, : 1013 (kPa), the atmospheric pressure

AP 2acosB/r = the capillary pressure at the meniscus; where
0 :7.305 x 102 (Pa) is the surface tension of water a 291 (K)
6 : 10m/180 (rad), the contact angle of the water with alumina
r : the radius of the pore channel

C = (6.588x 10-14) (P, + APY? (in mol kg, )'*
= concentration of air in the water at the meniscus
C, = (6.588x10-14)P;? (Mol kgy,n)'2,

= concentration of air in the water surrounding the deposit.

Contrary to the case of MIP, thewater in the Archimedean method first fills the pore
channelswith thesmallest diameter (since the capillary pressurewill be higherfor smaller
channels) and then proceeds to larger channels. Fifty-six percent of the open porosity in
the AS deposit was filled with water after one day of soaking. The position of the water
meniscus at this time should correspond to that of the meniscus of the mercury whose
intrusion volume equal sforty-four percent of the open porevolume. The pore diameter at
thelatter positionis0.84 um asobtained from thecurveof thecumulativemercury intrusion
volume vs. pore diameter. The channel diameters (d,,,,) can be obtained for the other
deposits, Table 2. With a tortuosity factor of six, the channel diameter (dy,,,) calculated
from eq.(2) fits d,,, for the depositsAS, F11, F13 and F15.

Based on the observation of the fluid flow through unconsolidated porous media, it
has been shown' that the tortuosity factor T (=L,/L, ) hasavalue of J2, whereL, isthe
geometrical length of the porous medium in the direction of macroscopicflow and L, is
the average effective length of fluid flow in the medium. In the present work, however,
the experimental data for deposits AS, F11, F13 and F15 can be explained by taking a
tortuosity factor of six. The physical inference is that the pore channels in these four
deposits are more tortuous than the flow channelsin unconsolidated media. For deposits
F17 and F17+13, tortuosity factors from 20 to 40 are necessary for dy,, to be equal to
dyp- Thesetortuosity factorsarelargeand seem unrealistic. Onehighly likely explanation
isthat the pores in these two deposits may be changed to the extreme case of "'ink bottle
shaped morphologies as Figure1 shows. In such acase, the M| P measurement cal cul ates
the diameter of the mouth as the pore diameter.

Although eq.(2) predicts alinear relationship between (E 2. Ef) and (t - t,), the
increase in measured porosity became smaller with respect to soaking time than the rate
predicted by eq.(2). The pore channels are likely to be interconnected; therefore the
meniscusin any pore channel will have the same curvature at a given time. As the water
penetrates into the deposit, the curvature becomes larger and the driving force for air
dissolution decreases, resulting in a decrease in the penetration rate.

In the modified ASTM method, more than 96 percent of the air in the pores was
evacuated before dropping the depositsinto the water. Because deaerated water was used,
little air will be liberated from the water in the pores during the subseguent boiling. Asa
result, the modified ASTM method (WAM) provided the larger and more accurate open
porosity measurement than the ASTM method.

While the water enters poresspontaneously in the modified ASTMmethod because
water wets alumina, the large contact angle of mercury to alumina requires very high
pressures for it to intrude into small pores. Hence, the porosity measured by the former
method was higher, except for deposit F11, than that porosity measured by MIP, Figure2.

4.3 Porosity Components Within a Deposit
Thetotal porosity ¢,.(%) and the closed porosity € (%) of thedepositcan be calculated
from egs (3) and (4) when the true density p of the material is known.
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Table 2. Pore Diameter (in,um) at the Position of the Water
M eniscus After One Day's Seaking

Specimen Dyam D,

F17 + 13 80 0.1
F17 0.6 0.08
F15 0.6 12
F13 10 0.9
F11 05 04
AS 12 0.8

?wm isthe diameter obtained from water archimedean method and d,,, isthe diameter obtained
rom MIF?

w
e, =(1 pV)xl()()% 3)
€= €r-€p (%) 4)

The constituents of the depositsF13 and F17+13 were thestable phasesof a-alumina
and rutile. Roy and Coble'* haveshown that therewaslittlesolubility of TiO, ina-alumina
when Al,0,-TiO, specimenswere heat treated in air. Assuming that the density of rutile
in the deposits F13 and F17+13 is equal to that of pure rutile, the true density of the
deposits can be calculated from the densitiesof a-alumina (3.97 x 10° kg/m?®)? and rutile
(4.26 x 103kg/m®)® and the chemical compositionof thedeposits, and is4.02 X 10 kg/m?.
The calculated closed porosity isshown in Figure 2 for the two deposits. It isseen that the
total porosity wasfrom 1.5 to 2.5 timeslarger than the open porosity. Researchersshould,
thus, use caution when examining the material propertiesof thermal spray deposits since
the total porosity should be taken into account.

5.0 Conclusions

Al,0,-13 mass% TiO, depositswere produced by water stabilized plasmaspraying,
and the pore structures and densification examined with respect to the phase changes
brought about by heat treatment. The results are summarized asfollows:

1. The metastable aumina phasesin the as-sprayed deposit completely decompose to
stable phases of a-alumina and rutilewhen heat treated a 1373 K. The deposits heat
treated above the eutectoid temperature of 1553 K contains -ALTiO, at room
temperature.

2. Two typesof poresexist with characteristicdiametersof = 0.1 wm and 1pm. The0.1
pm poresappear in depositswhich were hest treated above the eutectoid temperature.

3. Heat treatment above 1573 K dtersthe poreshape from arelatively simple geometry
to an "ink bottle shaped" morphology.
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A two stage heat treatment, either above or below the eutectoid temperature, is
recommended for the purpose o reducing the porosity more effectively than the
prolonged treatment & a higher temperature.

5. A new water Archimedean method (WAM) is proposed for the measurement of
porosity. The method gives more accurate porosity values than the current ASTM
Standard Test Method and mercury intrusion porosmetry.

6. An equation is derived for the penetration of water into the pore channesand this
can be used to estimate the channel diameters.
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