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1. INTRODUCTION

It has been reported [1] that plasma sprayed materials exhibit anisotropic thermal ex-
pansion effects. The results o a zirconia containing 8wt.% yttria show that the longi-
tudinal coefficientsdt thermal expansion are approximately constant at 10 x10-% °C-1;
regardlessd prior heat treatment. On the other hand, the transverse coefficients of
thermal expansion range from 2.9 to 23.5 x10~¢ °C~! [1]. Thermal expansion differ-
ences between thefirst and second heat cycles have been observed [1,2]. It was believed
that these differencesarise from phase redistribution within the sprayed materials [2].
Heat treatment o the coating may not only influencethe phase transformation but also
the relaxation o residual stresses and/or redistribution of the microcrack network. The
latter may also contributeto the differencein the thermal expansion coefficient,in both
the longitudinal and transverse directions,It is necessary to investigate such anisotropic
thermal expansion effectsto optimize potential industrial applicationsd plasmasprayed
coatings.

2. EXPERIMENTAL PROCEDURES AND RESULTS

Plasma spraying has been performed on degreased, sand blasted and cleaned steel sub-
strates with dimensions of 50 mm in diameter and a uniform thicknessdf about 2 mm.
The substrates were coated with salt prior to spraying to facilitate the specimen re-
moval. The free standing plasma sprayed samples were cut with a fine diamond saw
to form square specimens o about 10 x 10 mm. The flat samples were used for X-ray
analysis and porosity measurements.

The aumina powdersweresintered, crushed and sieved to produce afreeflowing product
with a particle size range from 28 pym to 56 pm. Plasma spraying weas carried out at
40 V and 900 A. The argon gas and nitrogen carrier gas were set to flow rate d 50
1min~! and 30 1 min~! respectively. The torch to substrate distance was 120 mm and
the powder flow rate was 30 g min~!. Therma expansion behaviour of the plasma
sprayed samples was investigated under a constant heating rate o 5 °C/min; using an
Amadd-Lhomargy dilatometer (Model No. DI-24).

The cxpcrimental results for aumina show that there was little differencein thermal
expansion aong the longitudinal direction for different cyclesof the heat treatment.
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They are essentially the same below 500 °C; with a linear thermal expansion of about
0.3% and thermal expansion coefficient of 5.5 x10~¢ °C-1 for thefirst cycle and about
5.9 x107¢ °C'-! for other cycles(see Fig. 1). The measurementsfrom thefirst cycleshow
different behaviour from the following cycles above 500 °C~!. The thermal expansion
d samples during the first cycle were non-linear and shrank from 0.20 to 0.25 % up
to 1000 °C. The alumina specimens show stable and repeatable thermal expansion
behaviour after thefirst cycle. The average linear thermal expansion was 0.62 % up to
1000 °C and the overall thermal expansion coefficient was 6.98 x 1078 °C-1.

The thermal expansion behaviour of aluminacoatingsin the transverse direction is more
complex than that in the longitudinal direction. Thethermal expansion coefficient d the
first cycle was usually very low. Anoverall thermal expansiondf 20 to 30 x107* °C was
obtained below 500 °C~! and the thermal expansion coefficient was 520 x107¢ °C-!.
The sample did not exhibit linear thermal expansion behaviour and began to shrink
above 500 °C. This shrinkage rate increases at about 600 °C and occasionally the
samples changed from a net expansion into a net contraction at about 930 °C. The
thermal expansion measurements d the first cycle can be repeated and the standard
deviation of 8 testsis 0.3 with a variance d 8% bdow 500-°C and 0.6 with a varianced
21.5% up to 950 °C. The thermal expansion behaviour of other cyclesis quite different
from measurements performed in thelongitudinal direction. A linear thermal expansion
up to 1000 °C is obtained which givesan overall thermal expansion coefficient of about
7.6 X107 °C-!. A sudden increasein expansion within a short period was observed for
the following cycles. This large expansionoccurred between 270 °C to 850 °C and was
quite stable for the same sample. No genera trend between samples was observed.
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Figure 1: Comparison of therma expansion in longitudinal (L) and transverse (T)
direction for the different cycles of aluminacoatings
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The experiments show that anisotropic thermal expansion existed in plasma sprayed
alumina coatings during thermal cycling. Shrinkage in the transverse direction was
much more than that in the longitudinal direction for as-sprayed samples during the
first cycle. The longitudinal coefficient of thermal expansion is approximately constant
at 7.0 x10-¢ °C-? for the following cycles, regardless o the number of thermal cy-
cles. However, the transverse coefficient of the sample is not stable; being around 7.6
%1078 °C~! with a sudden increment up to 18.5 ~ 24.3 x10~® °C~! within a range o
270 to 850 °C. These results suggest that the thermal expansion coefficientsare related
to the thermal history o the samples since there may be changesin microstructure,
relaxation d residual stressesor rearrangement of the microcrack network.

The XRD patterns before and after the experimentsdf thermal expansion show no phase
changesoccur during heating and cooling up to 1000 °C. This conclusion was confirmed
by DTA work since no peak differences weredetected. The v alumina phaseis produced
after plasmaspraying. Broadened lines were obtained for the as-sprayed sample. It was
found that asthe cycle number increased then the broad peaks becomedistinct and move
towards the standard 4-Al;0; pattern. These broad lines are thought to be caused by
the distorted lattice which isformed during rapid solidification and are associated with
the residual stressesd the sprayed coating. The changed XRD patternsindicates that
residual stressis released by any subsequent thermal cycling.

3 THEORETICAL ANALYSISAND DISCUSSION
3.1 Stressin the coating

Thermally sprayed coatings which are processed by the usual means are in a state
d stress. A thermal stress is produced at the interface between the first layer o the
coating structure and the substrate. Plastic deformationd the substrate can beignored
because the thickness of splats is much less than that of the substrate. This stress can
be expressed in the form d [3];

or = E(oe — ,)(Top ~ Tne) 1)

where E isthe Young's modulus, a, and a, are the average thermal expansion coeffi-

cientsfor the splatsand substrate respectively. T,, and T,,. are the temperaturesduring
spraying and when the measurement is performed. A positive value o a; corresponds
toatensilestress. Thisstressisintroduced by the change of temperature or materials,
such as the stress formed at the interface of the coating/substrate system. Thermal
stress can aso be produced between identical materials which have the same thermal
expansion coefficients. For example, these materials may be bolted together at different
temperatures. A thermal stress would be produced between the materials after a ho-
mogenoustemperatureis reached. Thisisthe casein the thermal spray coating in which
splats overlap and are pinned together at different temperatures [4]. This condition can
be expressed by letting «, equal zero in equation 1.

Theresidual stress can be defined as the self-equilibratinginternal stresswhichexistsina
free body when no external traction is applied [5]. Residua stress can arise, for example,
when a material is subjected to heat treatment. If the material is cooled quickly from
the heat treatment, such as happens in the solidification d splats during deposition,
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then surface and interior experience different cooling rates. This is a real effect; for
example, bulk alumina ceramics may yield a stress of 272 MPa per degree centigrade
temperature differencebetween two regions. The residual stress can be expressedin the
followingform [5];
o, =—E(e, — &) 2
where E is the elastic modulus of the substrate. The residual stress, g is positiveif
it liesin the normal direction to the surface on which it acts. Hence, compression is
negative. Theresidual stressis thus proportional to the difference between the "actua
local reversiblestrain g and thefree local strain “e.”.

3.2 Stress distribution within splats

Thedetail of the stressdistribution between splats and a substrate can be very complex.
However for an idedlized representation the stress distribution is determined by the
requirement that the sum o the normal stress and bending moments over the total
cross section be zero [3].

Consider the situation d two splats which are pinned together at the edge, Fig.2. A
tensile stress will be produced in splat A after cooling if splat B solidified before A
and acted as its substrate. Thi S occurs becausesplat A tends to contract more than B
during cooling. Two boundary conditions need to be satisfied. The first is that splat

Particles were bolted during the plasma spraying
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Figure 2 lllustration d two pin model: (&) two particlesare bolted at high temperature;
(b) after cooling without restraint; (c) at room temperature with restraint
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B produces compressive stress between two pins to produce a zero normal force. The
second condition is that splats which havesolidified before B produce a bending moment
which prevents splat B from spalling. It can be noted that the pinned splats will be
partially restrained and residual stressis produced after cooling from high temperature.
This can be expressed by introducing a restraint coefficient, K , in equation 1.

oy = ~KaE(T,, — Ty) 3)

where7,; istheinitial substrate temperature. Let the substrate temperature be uniform
throughout each splat. Thus from the requirementsfor the pinned splats, equations 2
and 3 can be combined to find;

ap(TA-Ty

1-—
I(A = o4(T,i{—Ts) 4

REC7S ‘)
where K 4 isa restraint coefficient which is introduced to express the influenced splat
B on A. T, isthespraying temperatured splat A. The above equation can be smplified
if splats A and B have the same final room temperature, thermal expansion coefficient
and Young's modulus. However they are subjected to different initial temperatures
when they are pinned together during the spraying process. It can be concluded that a
tensile stress will exist in any new solidified particle which overlaps others. The melted
particle may be pinned at many locations within two single splat discs. Therefore the
multi-pinned splats can be divided into a number o two pin systems. Each d theseis
illustrated in Fig. 2 and can be considered to be independent from each other.

3.3 Stress distribution within the coating
The stress of the top nth layer splat of plasma sprayed coatings after cooling to room
temperature is given by equation 5, i.e.; (see Fig. 3)

Plasma sprayed Coatings

The nth Layer

—_ ——
~ag—The (n-1)th Layer
I - === w; — T T 7 Thhe ith Layer
nlayers ———/—=— E -
________________ The 1sl Layer
e b4

Substrate

Figure 3 lllustration o lamelar pin model with microcracks; pore and cracks are
presented by ;.
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on=—a, K. .E. (T, -T,) (5)

where T, and T,, are the room and solidified temperature for the top layer of material.
K,, a, and E, are the restraint coefficient, thermal expansion coefficient and Young's
modulus, respectively. K, is the restraint coefficient of the nth layer of splats and is
evaluated by a similar expression to equation 4.

_1- (ﬁi—rl“";:iz-% o)
K, = (6)

1+H

n— lEn-l

where "
Ho =)k (N
i=1
The stress is composed d two partsfor the next splat layer. Thefirst part comesfrom
the stresses produced when the splat is pinned to prior solidified particles. The second
part arisesfrom the contribution o the nth layer. This can be expressed as;

Opn_1 = —oz,,_lK -—lE _l(T T - (8)
or
Op-1 = —'a,._1K _lE _1(T¢ -T, _1) + = n-l h Cl,.K En(T -T ) (9)
=1
The stresses of the (n-1)th splat layer can be written in the form of;
On-1 = —an-lK:;—lE —I(T -1 Tr) (10)
where E(T, - T) A
’ AnLip\ Ly — 4y n
Kot = BT — T By o ™ K (1)
Therefore the stress o the ith layer of splats can be written in the form of;
0; = —a;K.E(T; - T,) (12)
where '
' E" Ot.+1E-+1(T¢+1 T, ) h:+1 - K (13)

o E(T. — T,h)) H; &

If al layers o the coating are made of the same materials and have the same Young's
modulus and thermal expansion coefficient, then the above equations may be simplified.
For any ith layer, IK; can be written as;

(Ti1 = T)hina
(Tn - Tr)Hi

Equation 13 or 14 can be used to evaluate the residual stress distribution in a plasma
sprayed coating. The positive restraint coefficients correspond to compressive stresses

K, =37, Ky - K; (14)
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and negative coefficients to tensile stresses. The equations 13 and 14 are developed
from an idedlized situation where all the layersare alignedin thelongitudinal direction.
The splats, however, are not continuousin the real situation. For example there may
be pores and cracks within splats between two splats; as schematically illustrated in
Fig.3. The restraint coefficient formulacan be obtained by using the same method and
procedures determined in section 3.3. It isobtained in the form of;

E.‘+1 (:n+l - Tr)h

K; = Tin ai“aiE.'(Ti - TyH; - Ko = K (15)
where K; isgiven by
i (L -T;)
o (T, =T; h~E‘»a‘d‘ T;i-T, (16)
hi_1E;_1

where m is the total number of cracks and pores covered by the splats in the “ith”
layer; d; and «; are the thermal expansion coefficients and diameters of splats when
solidified on the substrate, @; isthe width o the crackson theith layer splats and j is
the corresponding number o cracks covered by the splat.

It has been experimentally shown that the surface coating after spraying is usudly in
tension [6] and it has been estimated that the residual stresses within zirconiacoatings
changed gradually from negative to positiveas the thicknessd the coating increased.

4. GENERAL DISCUSSION
4.1 Thermal expansion in longitudinal directions

Consider a coating sample that is heated to a temperature T. The average stress on
the coating, a, is given by two terms, such that;

o =0+ 0, 1n

where o, is the thermal stress produced by the heating or cooling cycle and a, is the
residual stress produced during the formation o the coating.

0 =aE(T - T,) + [~EaKo(Tn — T.)] (18)
or by letting a= a'E(T - T,), then

. o (T — T,)

a =all - K, T=T) (T>T,) (19)
where o' is the measured thermal expansion coefficient,and K, is the average restraint
coefficient of the coating. T, isthe average solidification temperature during the spray-
ing and T, is the average substrate temperature. T, is the initial temperature o the
heated coating.

Equation 19 shows that the measured thermal expansion coefficient is also related to
thermal spray processes. It can be noted that (T, — T,)/(T - T,,) > 0, therefore the
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measured thermal expansion coefficientsof coatings may be larger or smaller than that
o the bulk material d the coating and are determined by the sign o the average
restraint coefficient of the coating. A positive restraint coefficient corresponds to the
average compressivestressesin the coating. A negativerestraint coefficient corresponds
to an averagetensilestressesin the coating. Therefore, the measured thermal expansion
coefficientswill beless than theintrinsic material property o the coating if the average
residual stresses are compressive. Likewisethe measured thermal expansion coefficients
will be larger than that of the coating if the averageresidual stressis tensile.

The derivative of the ratio of thermal expansion coefficient to temperature is not zero,
therefore:
1 (Tn = T,)

Ro= &=k =T 4 (20)

where R, is a mono-function of temperature. R will decrease as the temperature
increasesif the averagerestraint coefficientis positive.

4.2 Thermal expansion in transversedirection

The thermal expansion behaviour in the transverse direction can beanalyzed by asimilar
method for the longitudinal direction. The only differenceis that thermal expansionin
the transverse direction d coatingsis not the sum o thermal expansionsd dl splatsin
the thickness since the structure o coatingsis anisotropic. The deflection of all splats
in the thicknessdirection should be considered. Thusthe original deflection of the splat
is givenin the form of (7];

We = %[1 +c s(gﬁ)] (21)

Then, the deflection of the splat will be given in the form of [8];
5,
1-(&

Per

§= (22)
where the p,, is the critical Euler load and p is the applied load. In the case o
temperature changethe load p is determined by strain so that equation 22 becomes;
é

(5 = ﬁ:{)- (23)

where ¢, is the critical buckling strain and €* isthe strain in the middled splats. The
thermal expansion d the coating in the transverse direction can thus be written in the
form of;

n m
Ah =YY Ahi+ )6 (24)

where éh; is the thickness change o splat i and é; is the deflection o splat i. The
parameters n and m are the number of splatsin the cross-section and number of deflected
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splats respectively. The thermal expansion coefficient can be written as;
_Ah_1
T hTa-To

whereT,, and T, are the average temperature and initial temperature respectively, and

h isthe thicknessd the coating. Therefore, the measured thermal expansion coefficient
in the transverse direction can be given in the form of;

(25)

’

a m(zhia (T - T)+T6) (26)

whereT; istheith layer's temperature and «; isthe thermal expansion coefficient of these
splats in the transverse direction. The above equation indicates that the total thermal
expansion d coatingsin the transverse direction is the sum o thermal expansion d all
layers and the total buckling deflection of al splats.

If it isassumed that all splats have the same thermal expansion coefficient and thickness,
then the equation becomes

@ =°‘n(T,w—:r0 §(T To* 2z, TO)Z1—(

(27)

The first term on the right hand side o equation 27 indicates the influenced temper-
ature gradient between lamellae. The second term indicates the influence o deflection.
For the idealized uniformly heated materials without lamellar structure, T; = T, and
6; = 0. Under these conditions the measured thermal expansion coefficient will equal
the bulk thermal expansion coefficient o the material. The deflection in the lamellar
structure can be positive or negative and depends on the stress distribution which is
determined by the spray and heat treatment conditions. Positive deflection will in-
crease the measured thermal expansion coefficient and negative deflection decreases the
measured thermal expansion coefficient. Thus the measured thermal expansion in the
transverse direction can not be repeated for different samples and different heat treat-
ment conditions [1).

5. SUMMARY

The thermal expansion behaviour o the coating is anisotropic due to the anisotropic
lamellar structure. A restraint coefficient has been introduced to express the residual
stress distribution within each splat. A positive restraint coefficient indicates compres-
sive stress and a negative coefficient indicates tensile stress in the splats. The residua
stress distribution can thus be discussed by an averagerestraint coefficient.

It was found that the measured thermal expansion coefficient is related to the average
restraint coefficient in the coating. The measured thermal expansion coefficient will
either increase if the coating is in a state o average tensile stress or decrease if the
coating is in a state d average compressive stress. This is especially significant in
the first cycle d heat treatment. The thermal expansion of coatings becomes stable
after the first cycle since most of the residual stress has been released during the first
thermal cycle. The expansion in the longitudinal direction is more stable than that in
the transverse direction.
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The thermal expansion behaviour in the transverse direction is different from that in
the longitudinal direction. The deflection d splats in the lamellar structure should
be considered since the measured thermal expansion is the sum o the total thermal
expansion in thicknessand the total deflectiond all splats during heat treatment. Thus
the thermal expansion in the transverse direction is related to the lamellar structure
formed during the spraying process. The measured thermal expansionvariesfor different
samples and is relatively stable for the same sample after the first thermal cycle.
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