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Powder metallurgy was used to fabricate fully dense, unreacted composites consisting

of a copper matrix containing 50—60 vol% Zp@; particles with negative thermal

expansion. Upon cycling between 25 and 3@) the composites showed coefficients of
thermal expansion varying rapidly with temperature and significantly larger than predicted
from theory. The anomalously large expansion on heating and contraction on cooling are
attributed to the volume change associated with the allotropic transformation giQgrw
between its high-pressune-phase and its low-pressuce or B-phases. Based on

calorimetry and diffraction experiments and on simple stress estimations, this allotropic
transformation is shown to result from the hydrostatic thermal stresses in the particles due
to the thermal expansion mismatch between matrix and reinforcement.

. INTRODUCTION ceramics with negative CTEL! Zrw,Og exhibits a CTE
Metal matrix composites are attractive materials forwith a unique combination of properties: (i) spatial
applications where the high thermal conductivity ofisotropy due to its cubic structutgii) very large magni-
metals and the low thermal expansion of ceramics aréude @ = —8.7 X 107% K™! for —273 to 420°C’); and
simultaneously needed, e.g., in electronics heat sink§ii) exceptionally broad temperature range of existence
with high heat dissipation and low thermal expansion(—273 to 777°C’). ZrW,QOg is thermodynamically stable
mismatch with the silicon chip or its alumina substrate. only over a narrow temperature range near 1125but,
Because increasing the ceramic content of a compositgfter quenching, it is metastable up to 10%0) where
decreases both its thermal expansion and its therma@l decomposes into ZrOand WQ.*>** Furthermore,
conductivity, ceramics with as low a thermal expansionZrW,0g undergoes a reversible order-disorder transfor-
as possible are desirable to maximize the conductivitymation at 155°C’ from its metastable, low-temperature,
expansion ratio of the compos#té A composite such as cubic a-phase to a metastable, high-temperature, cubic
Cu/ZrW,0g,* consisting of a high-conductivity metallic B-phase, which exhibits a CTE with a smaller magni-
matrix and ceramic phase with a strongly negative coeftude @ = —4.9 X 107% K~!7). Also, when subjected to
ficient of thermal expansion (CTE), is thus ideally suitedhydrostatic pressure at ambient temperature, the cubic
for electronics thermal management applications, and-phase transforms to an orthorhombic, high-pressure
may also exhibit an isotropic zero CTE at high ceramicy-phase with an even larger, but still negative, CTE
fractions, for applications in metrology, precision optics,value @ = —1.0 X 107° K™!): this transformation ini-
and space structures. tiates below 200 MPa and is essentially complete at
The negative CTE of Zr\AOg was first measured be- 400 MPa When the pressure is released at ambient
tween 50 and 650C by dilatometry and x-ray diffraction temperature;y—ZrW,0Og remains metastable and is re-
by Martinek and Hummel,and was recently confirmed converted to cubier—ZrW,Og by heating at 120C at
to exist in the temperature range273 to 777°C by  ambient pressuré.
dilatometry and neutron diffraction by Sleight and co- In the present study, we investigate /ZoW,0g
workers®~—® The physical explanation for this unusual composites for applications where low thermal expan-
behavior is based on a steric contraction on heatingion and high thermal conductivity are simultaneously
due to polyhedra tilting which overweighs the usualdesirable. Processing issues are first addressed, in view
chemical bond thermal expansiért® Compared to other of the difficulties reported earlier for fabrication of
dense, unreacted €ZrW,Og composited. The ther-
mal expansion properties of the composites are then
ACurrently with Electrovac GesmbH, Aufeldgasse 37-39 A-3400presem-(:)d ar-]d discussed in-the .Ilght of -the thermal
Klostemiuburg Austria, ’ 9 ’ expansion mismatch between matrix and reinforcement,
bCurrently with Department of Materials Science and Engineering,tN€ resulting internal stresses, and the pressure-induced
Northwestern University, Evanston, lllinois 60208. transformation of ZrWOsg.
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II. EXPERIMENTAL PROCEDURES in Ref. 14 and plating solutions from Fidelity Chemical

Copper powders (99.5% pure, with size betweerfroducts Corp. (Newark, NJ). All the copper intro-
45 and 63um, from Cerac Inc., Milwaukee, WI) and duced into the composite originated from the electroless
a—ZMW,0q powders (from Wah Chang, Albany, OR), deposition, resulting in a ZryOg volume fraction of
crushed and sieved to match the size of the coppe@o vol%. In the following, we refer to the three densified
powders, were blended for 2 h in air in a rotary mill. To COMPOsite as hot-pressed, mechanically alloyed, and hot-

obtain samples for heat-treatment studies, powder blendSostatically pressed, respectively. _

with 50 vol% ceramics were compacted by uniaxial_ X:Tay diffraction (XRD) was performed on a Rigaku
cold-pressing in a steel die (12.7 mm in diameter) alR_otaflex x-ray diffractometer using CuKradiation in

172 MPa followed by cold-isostatic-pressing (CIP) at@!l at ambient temperature and under vacuum at ele-
room temperature under pressures of 275 and 690 vpyated temperature. Thermal expansion was measured on

Dense composite samples were obtained by threEOMPOSites rods (9 mm in diameter and about 10 mm
routes. First, blended powders with 50 vol% zs@§ " length) with a Bahr DIL 801 dilatometer under argon

were vacuum hot-pressed in a steel die under a uniaxi@imosphere with heating/cooling rates of 2nkin and
pressure of 1.4 GPa at 25G for 13 h. Second, pow- nolding times on heating of 15 min at 100, 200, and
der blends with 50 vol% ZrAOs were mechanically 300 °C. Differential scanning calorimetry was performed
alloyed in a SPEX mill under argon for 4 h, using under argon at the same rates, but without holding times
an alumina container and alumina balls with a ball-With @ DuPont 2100 Calorimeter. Metallographic speci-

powder ratio of unity. The powders were subsequently"€NS were mounted in epoxy, ground on SiC paper

hot-pressed under the same conditions as above. Thirﬁ?oo’ 800, 1200, and 4000 grit), and polished witp.th

copper-coated ceramic particulates were subjected fgiamond paste.
hot isostatic pressing (HIP) in a copper-lined steel can

at 500°C for 3 h under a pressure of 100 MPa. Thelll. RESULTS
ceramic powders were coated with abouttéh copper 5 Processing

Fig. 1 ing standard electroless techniques described
(Fig. 1) using s 5s 'ques descrl Cold-pressed preforms exhibited densification of

about 70% after uniaxial pressing and up to 90% after
CIP, but showed only green strength. XRD spectra indi-
cated that after CIRy —ZrW,0g had been partially trans-
formed to high-pressure —ZrW,0Og. Vacuum annealing
of a green preform at 400C for 15 min reconverted
ZrW,0g to its a-phase, but did not result in significantly
higher densities, even after 1 h at temperature.

Because of the chemical reaction reported to occur
between copper and zirconium tungstate for typical
HIP conditions for coppér(600 °C for 3 h, much be-
low the ZrW,Og vacuum decomposition temperature of
1050°C'?), heat-treatment studies were performed to
determine a time-temperature processing window for
composite densification. High-temperature XRD inves-
tigations of loose, mixed powders showed no reaction
between Cu and Zry¥Dg up to 600°C for short times.
The XRD spectra were obtained by heating at a rate
of 20 K/min, holding for 1 min at the desired tem-
perature (100, 200, 300, and 600) and performing
the measurement for 7.5 min under vacuum. Th¢
phase transformation was observed in these spectra, as
indicated by the disappearance of the (221), (310), (410),
and (422) peaks between 100 and 2Q0 The spectrum
at 600°C also showed the onset of a reaction between
metal and ceramic, confirming results obtained at this
temperature after 3 h in Ref. 4.

Heat-treatment studies on cold-isostatically pressed
preforms were done in vacuum between 300 and @0
FIG. 1. Optical micrograph of copper-coated Z@®4 powders. Significant reaction between Cu and Zy@§ was ob-
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served only for the heat treatments at 600 and 100

results. XRD spectra of specimens heat treated at 400

where the major peaks of ZW®s vanished. Figure 2 and 500°C for 1 h under hydrogen again showed no
summarizes the time-temperature processing window fandication of reaction between the two phases.

these CyZrw,0Og composites. Some heat treatments  Metallography of the hot-pressed composite
were repeated with fully densified samples with the sam¢gFig. 3(a)] shows that the ceramic phase is quite uni-
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FIG. 2. Processing window for @drW,0g composites (measure-
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ments done in vacuum on cold-isostatically pressed preforms).

formly distributed in the copper matrix and that little
porosity exists. The measured density is 6.96ng,
corresponding to apparent porosities between 0.8 and
2.8%. These bounds were calculated from theoretical
densities of a composite containing 50 vol% Zx® in

the a-phase andy-phase, respectively, using densities
at 20°C for Cu (8.96 gcm®®), for a—Zrw,Og
(5.072 gcm?® '8 and for y—ZrwW,QOg (5.355 g'cnr 19).
Despite the much lower compaction pressure and the
higher ceramic content, the composite hot-isostatically
pressed from copper-coated particulates [Fig. 3(b)]
exhibited a better ceramic distribution and a higher
compaction, because the coating prevented all ceramic-
ceramic contact points; the density of 6.6&u°
corresponds to apparent porosities between 0.0 and
2.5% for 60 vol%a — or y—ZrW-,Og, respectively. The
mechanically alloyed composite exhibited a majority
phase consisting of intimate mixture of ceramic and
metal [unresolved, gray matrix in Fig. 3(c)], as well
as small amounts of unalloyed matrix and particulates
[light and dark discontinuous phases in Fig. 3(c)]. The
measured density of 7.03 g’ corresponds to apparent
porosities between-0.2 and 1.8% for 50 vol%a —

or y—ZrW,0Og, respectively. The XRD spectrum of
the mechanically alloyed powder showed no peaks for
ZrW,0g, which could result from the amorphization
of the ceramic phase or from strong peak broadening
due to small crystallite size. After annealing at 4@

for 1 h, XRD spectra did not show the Zglg phase,

FIG. 3. Optical micrographs of Cu—ZrM@g composites (metal is light, ceramic is dark): (a) hot-pressed from blended powders (50 vol%
ceramic); (b) hot-isostatically pressed from copper-coated ceramic powders (60 vol% ceramic); (c) hot-pressed from mechanically alloyed
powders (50 vol% ceramic). Gray phase consists of a fine, unresolved mixture of metal and ceramic.
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but after annealing at 70@ for 15 min, new XRD y-phase after HIP. However, some high-pressure
peaks indicated that a reaction between copper angl-phase was found in the composite after thermal
ZrW,0g had occurred. cycling, as discussed in more detail later.

During the hot compaction of blended, uncoated
powders,a—ZrW,0Og was partially transformed to the B. Calorimetry

high-pressure phasg—ZrW,Os, as evidenced by XRD Figure 5 shows the first heating segment of the
measurements. Becauge-ZrW,0Og has a much higher cajorimetric curves of as-received-ZrW,0s powders,
CTE thana —ZrW,QOsg, it is desirable to induce the-« y—Z'W,0g powders produced by CIP, and the hot-
back-transformation, which takes place at Ig0 at isostatically pressed composite. The-ZrW,05 pow-
ambient pressure according to Ref. 6. To investigatgers exhibited a narrow peak at 133 [peak (1)],

this back-transformation, XRD was performed on theg large, broad peak at 29C [peak (2)], which was
following heat-treated samples: (i) 90% dense comigwered to 27C°C for a lower heating rate of 1 #nin,
posite samples, hot-isostatically pressed from blendedynq three weak, broad peaks near 345, 435, and’@80
uncoated ceramic-metal powders; (i) 90% dense CO|d[peaks (3-5)]. These peaks were observed with much
isostatically pressed preforms; (iii) loosg—ZrW,0s  |ower intensity in a—ZrW,0g at 130°C [peak (1)],
powders without copper, obtained by CIP at 690 MPay7q °c [peak (2)], 415°C [peak (4)], and 485C

The ratios of the areas of the two main diffraction [peak (5)]. The composite did not display peak (1)
peaks fory— and a—ZrW.0s, i.e., (201}/(210), and  pyt showed peaks (2) and (3) at 266 and 3C3 as
(231),/(211),, respectively, were used as a measure ofye|| as peaks (4) and (5) at temperatures similar to
the fraction of transformed ZrYDs. Figure 4 shows the powders. For the powders, no peaks were observed
Fhat increasing heat-treatment time and/or temperaturgyring the subsequent cooling and a second temperature
increases the extent of the-a back-transformation, cycle; the composite exhibited on cooling a very broad

which is mostly complete after 24 h at 400 or 2h  gjgnal between 500 and 30, but no peaks during a
at 500°C, within the window where no reaction is subsequent cycle.

expected (Fig. 2). The compaction state of the samples is
also important: whereas nearly no high-pressiighase
remained in the mixed powders after 24 h at 4Q0(or
in the green composite preforms after 2 h at 300, ©)
a significantly higher amount of-phase was found in
the hot-isostatically pressed sample for the equivalen
heat treatments (Fig. 4). This is probably because th
back-transformation is mechanically hindered by the
copper matrix, which must creep to enable the volume B
expansion associated with the 8 transformation.
Finally, XRD spectra of composites processed
with copper-coated powders exhibited no high-pressuriz |
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FIG. 4. Ratio of x-ray diffraction peaks areas of the high pres- Temperature (°C)

sure y-phase and low pressure-phase (for the two main respec-

tive peaks) after different heat treatments for a partially compacted-1G. 5. Calorimetric heating curves for as-received-ZrW,0Og
hot-isostatically pressed composite, a cold-isostatically pressed prgowder, cold-isostatically presseq¢—ZrW,Og powders, and a
form, and a loose powder blend. hot-isostatically pressed ¢zarw,0Og composite.
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FIG. 6. Dilatometric curves for the hot-pressed composite. £ 7. pijatometric curves for the hot-isostatically pressed

composite.

C. Dilatometry _ _
Figure 6 shows the first two expansion curves of theof XRD evidence of the high-pressure phase. The second

composite hot-pressed from powder blends and Subsgycles fo_r both samples are, h‘?WGV?“ .quit_e similar and
guently annealed at 30 for 15 min. In the first cycle, reproducible upon further cycling, mql_lcatlng that the
the sample expanded strongly up to about 20Qpoint thermal expansion behavior was stabilized.

B), and then at a much lower rate up to 28D (point C). Flgu;tethS shovr\]/s .the“ f|rs“t th thermqlt exrp])grr\]smn
Upon subsequent heating to 315, a large expansion curves ol the mechanically-alioyed COmposite which was

was again measured to point D. In the cooling sectior?nnealed at 300C for 15 min prior to testing. Unlike the

of the first cycle, the CTE slope was low down to aboutOther composites (Figs. 6 arr:d Q the :;irSt bt:NO trl:ermaI”
o ; ’ : . _expansion curves are smooth and reproducible. The sma
150°C (point E), and then again very large up to ambient esidual strain observed at the end of each cycle (0.05

temperature (point F), where a residual strain of 0.19% .
was recorded. However, the sample continued shrinkin nd 0'03%) was aIm_ost fully recovered at am_b|ent tem-
slowly at room temperature, and showed a residual strai erature in the 48 h interval before the following cycle.
of 0.04% (point A) after 48 h. The second cycle in

Fig. 6 is qualitatively similar to the first cycle, except IV. DISCUSSION

for the following differences: the initial large expansion A. Calorimetry

For all samples, the main peaks for initial heating in
&ig. 5 were not observed upon cooling or during subse-

missing (points Cand D are superimposed), and the quent thermal cycles, indicating that the corresponding

large shrinkage on cooling started at a lower temperatur
(point E). As for the first cycle, the plastic strain 055 |
of 0.11% at the end of the second cycle (poirf) F ' Culs0%Z,0,
was recovered almost completely after 48 h, when a1 5, || (mechanically-alloyed)
additional residual strain of 0.02% was measured. Thre
subsequent cycles overlapped with the second cycle. 025 |
Figure 7 shows for the hot-isostatically pressed com:
posite the first and second thermal expansion curves 020
which are qualitatively similar to those of the hot-pressecs
sample (Fig. 6). The first cycle exhibited a very high ex-®
pansion on heating over the whole temperature range. C
cooling, the contraction was initially low, but increased
with decreasing temperature, as in Fig. 6. The residue 445 |
strain (0.29%) was largely recovered after 48 h. We nott
that the first cycles in Figs. 6 and 7 cannot be directly o000 L—arx™ . . 1+ . . —
compared, since the hot-pressed sample, unlike the hc 0 " omporaturs () 800
isostatically pressed sample, had not been subjected to a
300 °C anneal prior to dilatometry, because of the lackF!G- 8. Dilatometric curves for the mechanically alloyed composite.
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phase transformations occur from the metastabl¢hen be calculated &5
v-phases to the more stahle or B-phases (we note that p
a—ZrW,0g is merely the most stable of all metastable =i g (1)
phases at ambient temperature and pressure, where the
base oxides Zr@ and WQ are thermodynamically whereG is the matrix shear modulus agtlis a constant
stabld?13). containing the matrix Poisson’s ratio and the bulk moduli
For y—ZrW,0g, peak (1) at 133C corresponds to of the matrix and the particle. Identifying the radial mis-
the y-a transformation (measured at 120 by Evans maitch straire asAa AT, taking a representative matrix
et al®), while peak (2) at 270—29€C can be assigned yield stress valued, = 50 MPa), and using compress-
to the y-B transformation, occurring if the-a trans- ibility for particle and matrix £zw,o0, = 69.4 GP& and
formation at 133°C is incomplete for kinetic reasons. K¢, = 138 GP&® and matrix shear modulus for Cu
The «-B transformation at 155C is not observed (Gc¢, = 48.3 GP&®), the temperature drop for the onset
by calorimetry, as expected for a second-order phasef matrix plasticity predicted by Eq. (1) 87, = 11 K.
transformatiort” While the origin of the small peak (3) The particle hydrostatic compressive stress is ther
at 345°C is unclear, the two small peaks (4-5) are2/30, = 33 MPa.
tentatively interpreted as limited oxygen loss from the  Using the Eshelby technigqdewhich unlike Eq. (1)
powder surface reported by Ref. 13. The calorimetrids valid for finite fraction of particles, the temperature
curve for « —ZrW,0Og shows very weak peaks similar excursion corresponding to the above particle hydrostatic
to those fory—-ZrW,Qg, indicating that the as-received stress isAT, = 21 K (assuming a value of 0.3 for the
a-powders contain a small amountpfphase, estimated ceramic Poisson ratio and a volume fractign= 0.5). It
as 1% from the ratio of the areas of peak (2). can thus be safely assumed that the matrix is fully plastic
The hot-isostatically pressed composite shows n@t ambient temperature after cooling from the fabrication
v-a peak (1), while they-B8 peak (2) and peak (3) temperature (250 or 50TC) or the subsequent annealing
are shifted by 25—30 K as compared to those in theéemperature (300C).
v—2ZrW,0g powder. Such a shift can be explained by It is unknown whether the high-pressure-Zrw,Og
internal mismatch stresses, as discussed in more detddrmed during preform CIP transformed to the low-
in the following section. The area ratio of peaks (2)pressurex- or B-phases upon initial heating to the hot-
gives an approximate 16 vol%-phase content in the compaction temperature. During compaction, however,
composite (corresponding to about a quarter of the cethe ZrW,Og particulates were subjected to compressive
ramic content). Peaks (4) and (5) match roughly the corhydrostatic pressures on the order of 100 MPa (HIP) and
responding peaks in the powders and could also be duk4 GPa (hot pressing). By comparison, Evasal®
to oxygen loss from the ceramic. The lack of peaksreported that an equilibrium mixture of 3696-ZrW,0Og
on cooling and subsequent cycling, which are expectednd 64%a —ZrW,0g exists at ambient temperature for
from mismatch stresses as discussed in the followingn hydrostatic stress of 200 MPa, and that the trans-
paragraph, is explained by the very small sample sizéormation is complete for a stress of 400 MPa. In the
(about 1 mm), which probably did not allow the buildup absence of a pressure-temperature phase diagram for
of internal stresses necessary for the formation of th&rW,Qg, it is thus reasonable to assume that the hot-
high-pressurey-phase upon cooling. pressing pressure of 1.4 GPa was sufficient to fully
transform the ceramic to thg-phase at the fabrication
_ _ temperature. Furthermore, upon subsequent cooling from
B. Composite residual stresses that temperature, thermal mismatch stresses produced
Because of the very large CTE mismatch betweeran additional compressive hydrostatic stress in the par-
Cu and a—ZrW,0g (Aa =29 X 107 K~! at ambi- ticulates, which can be estimated from an expression
ent temperature), significant residual stresses exist aterived by Leeet al. [Egs. (28) and (29) in Ref. 18],
ambient temperature after cooling from the fabricationassuming plastic relaxation of the matrix. Using the
temperature, where the composite is assumed to be fredove materials parameters and assuming a temperature
of thermal mismatch stresses. Since copper exhibits drop of 477 K from the HIP temperature to ambi-
low yield stress, matrix plastic deformation occurs forent temperature, the particulates hydrostatic compressive
a small temperature excursiaxn?’, upon cooling from  stress due to thermal mismatch is 166 MPa. Furthermore,
the stress-free temperature. An estimateAar, can be additional compressive residual stresses are induced in
found by considering a mismatching sphere in an infinitethe particulates upon release of the processing pressure,
elastic, ideally plastic matrix, as treated by Leeal'®  since the bulk modulus of ZryDg is lower than that
Matrix plasticity starts at the particle-matrix interface of copper.
when the particle hydrostatic stregseaches two thirds We thus conclude that both hot-pressed and hot-
of the matrix yield stresgr,. The mismatch strain can isostatically pressed specimens are likely to exhibit sig-
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nificant amounts of high-pressuse-ZrwW,Og after fab- v, K, Vi K

rication at ambient temperature and pressure. The XRD 3K, + 4G, = 3K, + 4G,
measurements indeed indicate that most of the ceramic K, = —* v, Vn . 4)
. _ . . . +

in the hot-pressed composite exists in thephase. 3K, +4G,, 3K, + 4G,

Because of the lower hydrostatic pressure used during

consolidation and the absence of contact points between Inverting the subscripte: and p in Eq. (3) gives
ceramic particulates due to the copper coating [Figs. 3(a$chapery’s upper bound, which is lower than Turner’s
and 3(b)], the hot-isostatically pressed composite iexpression [Eq. (2)] and corresponds to the bound de-
expected to have lesy-phase than the hot-pressedrived by Kerner® Since for CYZrw,Og composites
sample. Unexpectedly, the XRD spectra of the hotboth the bulk modulus and the thermal expansion are
isostatically pressed composite showed a total lack ofarger for the matrix than for the particles, Eqg. (2) is an
v-phase. We believe that this is due to the very shallowupper bound while Eg. (3) is a lower bound. This is the
penetration depth of x-rays in the specimen surfacegpposite of the case for most metal matrix composites
where relaxation produced by the free surface and/oexamined to date, where the metallic matrix has a higher
sample cutting triggered the-ao back-transformation thermal expansion but a lower bulk modulus than the
which was complete in the hot-isostatically pressecceramic reinforcement. For the same reason, the bounds
composite because of its lower initigkphase content. given by Eq. (2) and (3) are higher than the rule of
The y-phase content of 16 vol% estimated above frommixture value. Table | gives the CTE for ¢Zrw,Og
calorimetric peak ratios for the hot-isostatically presseccomposites calculated from Egs. (2) and (3), using an
sample is thus more representative of the bulkhase average CTE for copper in the temperature interval of

content for that sample. interest, the CTE of the three ZnWg phases determined
While unconstrainedy —ZrW,Og transforms to the from literature data, and elastic constants given above.
a-phase at 133C at ambient pressure (Fig. 5), thermal In the following paragraphs, we discuss the complex

mismatch in the composite induces tensile hydro-dilatometric behavior of Figs. 6—8 based on the CTE
static stresses iry—ZrW,Og particles upon heating the bounds given by Eqgs. (2) and (3) in Table | and the
composites from ambient temperature (e.g., in thallotropic volume change of 5%associated with the-y
dilatometry experiments). An estimate for the onset ofphase transformation described in the previous section.
matrix plasticity is again given by the above calculation,

using2AT, = 22-42 K due to the initial compressive 1. Hot-pressed composite

residual stress in the particles. Similarly, upon cooling The XRD spectrum after heat treatment at 3QD

during the dilatometry experiments, compressive Stressgs; pefore cycling shows that most of Zp® exists
are again induced after a temperature dropdj, (if ;e v-phase. The anomalously high expansion upon

relaxation leads to a stress-free composite)2tor’, initial heating (Fig. 6) can be explained by thea

(without relaxation). volume expansion of 5%. As expected from Le Chate-
lier's principle, the hydrostatic tensile stresses produced

C. Dilatometry within the ceramic by the thermal mismatch on heating

Iqepresses the allotropic temperature as compared to the

Many models based on elastic interactions betwee X ;
y value of 133°C for the unconstrained powder (Fig. 5).

matrix and reinforcement give bounds for the CTE of
composites, as reviewed in Ref. 20. The most used

bounds are those of Turrférand Schapery? Turner  TABLE I. CTE values (10° K™') for Cu and ZrWOs from litera-
expression gives an upper bound as: ture data and for GiZrw,0g composites from Egs. (2) and (3).

. . . . a—2ZrW,0g ,B—ZrW208 ’y—ZszOg
ay = Vi - @ K + vy -y K,,, ) ZthZOBt (20-160°C) (200-500°C) (20—-500°C)
Vi K + vy K, conten
(vol%) Eq.(2) Eg.(3) Eg.(2) Eq.(3) Eg.(2) Eg.(3)
wherev is the volume fractiong is the CTE,K is the 100 -12.060 -12.0¢0 -45% -4% -10¢ -10
bulk modulus, and the subscripisand p are for matrix 60 4.5 11 8.8 6.1 10.1 7.8
and particle, respectively. Schapery’s lower bound is 50 73 40 111 84 120 9.8
P P y bery 0 178 17.1¢ 1900 190 186 186
oy = vpa, T vya, apAverage betweemr = —10.4 X 107% K~! (50—-200°C®) and o =
4G, vp(a, — an) (K. — K,,) —13.5 X 1076 K~! (25—155°C).
+ R e c LN ) bAverage betweem = —3.4 X 107% K~! (200—-500°C®) and o =
K, 3K, + 4G, —56 % 1079 K~ (155-500°CS).
] ) ) ¢From Ref. 31 from—253 to 27°C, assumed to be valid up to 50C.
where K, is the composite modulus given by dTemperature average from Ref. 31.
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The transformation occurs over a large temperature intelen indirect measurement and needs to be confirmed
val (between points A and B, Fig. 6), probably becausédy direct experiments, i.e., neutron diffraction or high-

the volume expansion of the ceramic is limited byintensity x-ray diffraction as a function of temperatures

matrix thermal expansion and matrix creep. Over arduring a thermal cycle.

interval of about 60 K between points B and C, the

composite CTE4¢ = 12.5 X 10°° K™!) is reduced but 2. Hot-isostatically pressed composite

still higher than the upper bound (Table I). Between  The main differences with the hot-pressed composite
points C and D, a large composite expansion ocCurgiscyssed in the previous paragraph are the much lower
again, most probably as the-38 transformation occurs pyqrostatic pressure used during consolidation and the
within the creeping matrix. Upon cooling from point D gpsence of contact points between ceramic particulates
to E, the_GCW_?l—ZrWzQs composite shows a CTE(=  resylting from the copper coating [Figs. 3(a) and 3(b)];
10 X 107° K™7) within the bounds given by Egs. (2) poth modifications are expected to reduce the amount of
and (3). At point E, theg-y transformation (and, at hjgh-pressurey—zrw,0g present at ambient tempera-
lower temperature, the-y transformatloon) occurs with e after processing. Figure 7 shows the first and second
a concomitant volume contraction of 5%, resulting in ahermal expansion curves of the hot-isostatically pressed
large shrinkage of the composite ,dowr? to point F. Againcomposite, which are qualitatively similar to those of
as expected from Le Chatelier's principle, the onsene not-pressed sample (Fig. 6). The first cycle exhibits
of this transfqrmatlon occurs at a hlgher temperaturey high expansion on heating which is, however, lower
than the equilibrium value of 13%, since the thermal than for the hot-pressed composite, Fig. 6, indicating that
mismatch between matrix and particulates produces g _znw,0, was present but in smaller quantities than for
compressive hydrostatic stress within the ceramic. Thehe not-pressed composite. On cooling, the contraction is
a-y transformation occurs continuously at a S|U99'Shinitially low [ = 4—5 X 1076 K~!, within the bounds
rate at ambient temperature during the_ 48 h foIIowmggiVen by Egs. (2) and (3)], but increases at low tempera-
the first cycle, as illustrated by the shrinkage betweerre as'for Fig. 6. We again stress that the first cycles
points F a}nd A _ .. InFigs. 6 and 7 cannot be directly compared, since the
The differences noted in the second cycle in Fig. 6rocessing and annealing residual stresses were different.
(smaller anomalous expansion and shrinkage) indicate  powever, the second cycles in Figs. 6 and 7 are
that lessy-phase was present at the onset of that cyclegyite similar and are in both cases reproducible upon
The obsgrvatlon that the three SL_Jbsequent cycles OVegypsequent cycling, indicating that equilibrium was
lapped with the second cycle confirms that the reversiblggached. The heating and cooling segments of the second
transformationx, B < vy induced by internal mismatch cycle can be divided into 4 segments for which average
stresses is indeed responsible for the anomalous COtTE values are determined. As shown in Fig. 9 for
posite expansion and contraction. the hot-isostatically pressed composite, the experimental
Other possible reasons for deviation from the elastomposite CTE on heating is much higher than the
tic bounds given by Egs. (2) and (3) include matrix ypper bound given by Egq. (2) in regions | and II,
plasticity, matrix voids, interfacial delamination, particle gomewhat higher than the upper bound in region Il
fracture, and residual stressés?® However, none of (¢ within limit if some y—ZrW,0O exists), and well
these mechanisms can satisfactorily explain the unusugjithin bounds in region IV, wherg—ZrW,0s is stable.
behavior observed in Fig. 6: combination of low andgjmilar conclusions can be drawn for cooling, where the
high thermal expansion regions, heating-cooling hysterecTE s on average lower than on heating, because of
sis, time-dependent recovery at ambient temperature, ajfle residual strain.
repeatability after the second cycle. In particular, the low  From the residual strain at the end of the cycles
CTE valges found at hlgh temperature (Flg._ 6) |nQ|cate(6r = 0.29% for the first cycle andt, = 0.13% for the
that particle and matrix are well bonded, since, in theggcond cycle), the volume fraction, of y—ZrW,0Oq

extreme case of full deb(_)nding, a composite exhibits th‘f)resent at ambient temperature can be estimated as
same CTE as the matrix. Also, residual stresses were

further ruled out by an experiment where the particle v, = L, (5)
. . 4 1 AV
residual stress state at ambient temperature had been ENRTANRL.

altered to be fully tensile through a thermal excursion to
77 K by immersing the composite into liquid nitrogen. whereAV/V = 5% is the allotropic volume difference.

The dilatometric curves showed no difference beforgor the first and second cycles of the hot-isostatically
and after this cryogenic thermal excursion. We thuspressed composite in Fig. 7, Eq. (5) predicts physically
conclude that mismatch-induced phase transformation iglausible values of, = 29% andv, = 13%, respec-

the only mechanism that can satisfactorily explain theively, which are in broad agreement with the value of
dilatometric curves. However, this explanation is based.6% estimated from the ratio of calorimetry peaks (3)
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na
(=]
T

Regions Il Region IV | this behavior. First, the mechanically alloyed particles

B ] are probably more equiaxed than the as-received par-
ticulates [Fig. 3(a)], so that stress concentrations due to
thermal mismatch are reduced. Second, plastic relaxation
by dislocation punching in the matrix is easier for
small particles, because the low humber of geometrically
] necessary dislocation loops per particle reduces or even
" 1 eliminates strain hardening in the plastic zéhe.

] While mechanical alloying reduces the average com-

ol ] posite thermal expansion between 25 and 3D0and
brings us closer to the original goal of a low-expansion
Cu/ZrW,0g composite, this processing route has two
major drawbacks: it is time-consuming and thus uneco-
nomical, and it introduces impurities and cold work in
the matrix, thus reducing its thermal conductivity. For
the simpler route of hot compaction of blended powders,
two strategies can be used to limit the undesirable phase
transformation leading to the large apparent CTE. First,
FIG. 9. Comparison between model bounds and measured compositB€ mismatch stresses can be reduced by lowering the
CTE (second, stable cycle of the hot-isostatically presse®Cuol%  fabrication pressure and temperature, which is, however,
ZrW>;0g composite). impractical if full densification is to be reached with
high volume fractions of ceramics, or the matrix yield
stress can be reduced by using very high-purity cop-
per, which is difficult for electroless copper. A second,
more promising approach is to alter the chemistry of
ZrW,0g so as to increase the critical pressure for the
. . formation of they-phase, for example, through partial
3. Mechanically alloyed composite or complete replacement of zirconium by hafnium, since

The mechanically alloyed, hot-pressed compositex —HfW,0g has the same strongly negative CTE value
shows a CTE which increases smoothly from abouts y—ZrwW,0g.%’
a=9X10%K™! to aboutae = 12 X 107 K™! on
heating, and decreases from abaut= 10 X 107¢ K™!
to aboute = 9 X 10~ K~! on cooling (Fig. 8). These Y- SUMMARY
values are for the most part above the upper bound Three processing routes were developed to fabricate
given by Eg. (2), even if all the ceramic exists in the Cu/ZrW,0g composites with 50-60 vol% ceramic
v-phase (Table | and Fig. 9). While the mechanicallywithout reaction and with little or no residual porosity:
alloyed composite shows a smaller residual, recoverfi) high-pressure, low-temperature, hot-pressing of
able strain at ambient temperature and a much smalldsiended metal-ceramic powders; (i) low-pressure,
hysteresis below 150C than the other composites, it high-temperature, hot-isostatic pressing of copper-
exhibits a larger CTE above 15C. As for the other coated ceramic powder; and (iii) high-pressure, low-
samples, these observations can be explained by thiemperature, hot-pressing of mechanically alloyed
reversible formation of small amounts of—ZrW,QOg, metal-ceramic powders.
possibly in the large, unmixed ZrM®@g particulates The thermal expansion of the composites was meas-
visible in Fig. 3(c). Amorphization or decomposition ured between 25 and 30C. The first thermal cycle
of ZrW,0g during mechanical alloying, which is an (and to a lesser extent the subsequent thermal cycles)
alternate hypothesis for the high composite CTE, can behowed hysteresis, time-dependent recovery, as well as
ruled out, because the CTE would be much higher thacoefficients of thermal expansions significantly larger
experimentally measured, and because neither hysteresigan predicted from composite elastic theory. These
nor ambient-temperature recovery would occur. effects were reduced in the mechanically-alloyed

The very small ZrWOg particle size in the me- composites.
chanically alloyed composites thus seems to partially = This anomalous behavior can be explained by the
inhibit the formation of the high-pressurg-phase as reversible allotropic transformation of Zri\@®g between
compared to the composites with coarser particulatests high-pressurey-phase and its low-pressuire— or
Two explanations, based on a lower mismatch hydro8—ZrW,Og phases, which is accompanied by a substan-
static pressure in the fine particles, can be advanced fdial volume change.

-y
(4]
L

[=]

Coefficient of Thermal Expansion (10 /K)
o =
g =T ]
heat = — 4

cool [T
|

heat 1

coo I

heat
cool

Region IL
Region II|:

Region III|—

Upper Bound
Lower Bound
Upper Bound
Lower Bound

in Fig. 5. Similar valuesy, = 23% andv, = 13%) are
found for the hot-pressed composite in Fig. 6.
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Experimental calorimetry and diffraction measure-10
ments as well as theoretical stress estimations show that
v—2ZrW,0Qg is initially formed by the high isostatic pres-

sure used during processing. Upon subsequent heating

and cooling, hydrostatic stresses produced in the parti-

cles by the thermal expansion difference between matri%3.

and reinforcement are sufficient to reversibly induce the

. A.K.A. Pryde, K.D. Hammonds, M.T. Dove, V. Heine, J.D.
Gale, and M. C. Warren, Phase Transitidis 141 (1997).

11. C.N. Chu, N. Saka, and N.P. Suh, Mater. Sci. E9g. 303
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L.L.Y. Chang, M.G. Scroger, and B. Phillips, J. Am. Ceram.
Soc. 50, 211 (1967).
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allotropic transformation. To the best of our knowledge,lg" S.Y. Chang and S. J. Lin, Scripta Mat, 225 (1996).
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this is the first time that a phase transformation has been

observed in a metal matrix composite as a result ofs.
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thermal mismatch stresses.
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