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Powder metallurgy was used to fabricate fully dense, unreacted composites consisting
of a copper matrix containing 50–60 vol% ZrW2O8 particles with negative thermal
expansion. Upon cycling between 25 and 300±C, the composites showed coefficients of
thermal expansion varying rapidly with temperature and significantly larger than predic
from theory. The anomalously large expansion on heating and contraction on cooling
attributed to the volume change associated with the allotropic transformation of ZrW2O8

between its high-pressureg-phase and its low-pressurea- or b-phases. Based on
calorimetry and diffraction experiments and on simple stress estimations, this allotropi
transformation is shown to result from the hydrostatic thermal stresses in the particles
to the thermal expansion mismatch between matrix and reinforcement.
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I. INTRODUCTION

Metal matrix composites are attractive materials f
applications where the high thermal conductivity o
metals and the low thermal expansion of ceramics a
simultaneously needed, e.g., in electronics heat sin
with high heat dissipation and low thermal expansio
mismatch with the silicon chip or its alumina substrate1

Because increasing the ceramic content of a compo
decreases both its thermal expansion and its therm
conductivity, ceramics with as low a thermal expansio
as possible are desirable to maximize the conductivi
expansion ratio of the composite.2,3 A composite such as
CuyZrW2O8,4 consisting of a high-conductivity metallic
matrix and ceramic phase with a strongly negative co
ficient of thermal expansion (CTE), is thus ideally suite
for electronics thermal management applications, a
may also exhibit an isotropic zero CTE at high ceram
fractions, for applications in metrology, precision optic
and space structures.

The negative CTE of ZrW2O8 was first measured be-
tween 50 and 650±C by dilatometry and x-ray diffraction
by Martinek and Hummel,5 and was recently confirmed
to exist in the temperature range2273 to 777±C by
dilatometry and neutron diffraction by Sleight and co
workers.6–8 The physical explanation for this unusua
behavior is based on a steric contraction on heat
due to polyhedra tilting which overweighs the usu
chemical bond thermal expansion.6–10 Compared to other

a)Currently with Electrovac GesmbH, Aufeldgasse 37-39, A-340
Klosterneuburg, Austria.

b)Currently with Department of Materials Science and Engineerin
Northwestern University, Evanston, Illinois 60208.
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ceramics with negative CTE,6,11 ZrW2O8 exhibits a CTE
with a unique combination of properties: (i) spatia
isotropy due to its cubic structure8; (ii) very large magni-
tude (a  28.7 3 1026 K21 for 2273 to 420±C7); and
(iii) exceptionally broad temperature range of existenc
(2273 to 777±C7). ZrW2O8 is thermodynamically stable
only over a narrow temperature range near 1125±C, but,
after quenching, it is metastable up to 1050±C, where
it decomposes into ZrO2 and WO3.12,13 Furthermore,
ZrW2O8 undergoes a reversible order-disorder transfo
mation at 155±C7 from its metastable, low-temperature
cubic a-phase to a metastable, high-temperature, cub
b-phase, which exhibits a CTE with a smaller magn
tude (a  24.9 3 1026 K217). Also, when subjected to
hydrostatic pressure at ambient temperature, the cu
a-phase transforms to an orthorhombic, high-pressu
g-phase with an even larger, but still negative, CT
value (a  21.0 3 1026 K21): this transformation ini-
tiates below 200 MPa and is essentially complete
400 MPa.8 When the pressure is released at ambie
temperature,g –ZrW2O8 remains metastable and is re
converted to cubica –ZrW2O8 by heating at 120±C at
ambient pressure.8

In the present study, we investigate CuyZrW2O8

composites for applications where low thermal expa
sion and high thermal conductivity are simultaneous
desirable. Processing issues are first addressed, in v
of the difficulties reported earlier for fabrication of
dense, unreacted CuyZrW2O8 composites.4 The ther-
mal expansion properties of the composites are th
presented and discussed in the light of the therm
expansion mismatch between matrix and reinforceme
the resulting internal stresses, and the pressure-indu
transformation of ZrW2O8.
 1999 Materials Research Society
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II. EXPERIMENTAL PROCEDURES

Copper powders (99.5% pure, with size betwee
45 and 63mm, from Cerac Inc., Milwaukee, WI) and
a –ZrW2O8 powders (from Wah Chang, Albany, OR)
crushed and sieved to match the size of the copp
powders, were blended for 2 h in air in a rotary mill. T
obtain samples for heat-treatment studies, powder ble
with 50 vol% ceramics were compacted by uniaxia
cold-pressing in a steel die (12.7 mm in diameter)
172 MPa followed by cold-isostatic-pressing (CIP) a
room temperature under pressures of 275 and 690 M

Dense composite samples were obtained by thr
routes. First, blended powders with 50 vol% ZrW2O8

were vacuum hot-pressed in a steel die under a uniax
pressure of 1.4 GPa at 250±C for 13 h. Second, pow-
der blends with 50 vol% ZrW2O8 were mechanically
alloyed in a SPEX mill under argon for 4 h, using
an alumina container and alumina balls with a ba
powder ratio of unity. The powders were subsequen
hot-pressed under the same conditions as above. Th
copper-coated ceramic particulates were subjected
hot isostatic pressing (HIP) in a copper-lined steel c
at 500±C for 3 h under a pressure of 100 MPa. Th
ceramic powders were coated with about 2mm copper
(Fig. 1) using standard electroless techniques describ

FIG. 1. Optical micrograph of copper-coated ZrW2O8 powders.
J. Mater. Res., Vol. 1
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in Ref. 14 and plating solutions from Fidelity Chemical
Products Corp. (Newark, NJ). All the copper intro-
duced into the composite originated from the electroles
deposition, resulting in a ZrW2O8 volume fraction of
60 vol%. In the following, we refer to the three densified
composite as hot-pressed, mechanically alloyed, and ho
isostatically pressed, respectively.

X-ray diffraction (XRD) was performed on a Rigaku
Rotaflex x-ray diffractometer using Cu Ka radiation in
air at ambient temperature and under vacuum at ele
vated temperature. Thermal expansion was measured
composites rods (9 mm in diameter and about 10 mm
in length) with a Bahr DIL 801 dilatometer under argon
atmosphere with heating/cooling rates of 2 Kymin and
holding times on heating of 15 min at 100, 200, and
300 ±C. Differential scanning calorimetry was performed
under argon at the same rates, but without holding time
with a DuPont 2100 Calorimeter. Metallographic speci-
mens were mounted in epoxy, ground on SiC pape
(300, 800, 1200, and 4000 grit), and polished with 1mm
diamond paste.

III. RESULTS

A. Processing

Cold-pressed preforms exhibited densification o
about 70% after uniaxial pressing and up to 90% afte
CIP, but showed only green strength. XRD spectra indi
cated that after CIP,a –ZrW2O8 had been partially trans-
formed to high-pressureg –ZrW2O8. Vacuum annealing
of a green preform at 400±C for 15 min reconverted
ZrW2O8 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 occu
between copper and zirconium tungstate for typica
HIP conditions for copper4 (600 ±C for 3 h, much be-
low the ZrW2O8 vacuum decomposition temperature of
1050 ±C12), heat-treatment studies were performed to
determine a time-temperature processing window fo
composite densification. High-temperature XRD inves
tigations of loose, mixed powders showed no reaction
between Cu and ZrW2O8 up to 600±C for short times.
The XRD spectra were obtained by heating at a rat
of 20 Kymin, holding for 1 min at the desired tem-
perature (100, 200, 300, and 600±C) and performing
the measurement for 7.5 min under vacuum. Thea-b
phase transformation was observed in these spectra,
indicated by the disappearance of the (221), (310), (410
and (422) peaks between 100 and 200±C. The spectrum
at 600±C also showed the onset of a reaction betwee
metal and ceramic, confirming results obtained at thi
temperature after 3 h in Ref. 4.

Heat-treatment studies on cold-isostatically presse
preforms were done in vacuum between 300 and 700±C.
Significant reaction between Cu and ZrW2O8 was ob-
4, No. 3, Mar 1999 781

 at 02:13:45, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1557/JMR.1999.0104
https://www.cambridge.org/core


H. Holzer et al.: Phase transformation and thermal expansion of CuyZrW2O8 metal matrix composites

n
m

-

00
o

e
i-

nd
al

s

he
lly
)]
r
ic-

nd

y
d
l
s

e

or

ng

https://w
Downloa
served only for the heat treatments at 600 and 700±C,
where the major peaks of ZrW2O8 vanished. Figure 2
summarizes the time-temperature processing window
these CuyZrW2O8 composites. Some heat treatme
were repeated with fully densified samples with the sa

FIG. 2. Processing window for CuyZrW2O8 composites (measure
ments done in vacuum on cold-isostatically pressed preforms).
ol%
alloyed
(a) (b) (c)
FIG. 3. Optical micrographs of Cu–ZrW2O8 composites (metal is light, ceramic is dark): (a) hot-pressed from blended powders (50 v
ceramic); (b) hot-isostatically pressed from copper-coated ceramic powders (60 vol% ceramic); (c) hot-pressed from mechanically
powders (50 vol% ceramic). Gray phase consists of a fine, unresolved mixture of metal and ceramic.
782 J. Mater. Res., Vol. 1
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results. XRD spectra of specimens heat treated at 4
and 500±C for 1 h under hydrogen again showed n
indication of reaction between the two phases.

Metallography of the hot-pressed composit
[Fig. 3(a)] shows that the ceramic phase is quite un
formly distributed in the copper matrix and that little
porosity exists. The measured density is 6.96 gycm3,
corresponding to apparent porosities between 0.8 a
2.8%. These bounds were calculated from theoretic
densities of a composite containing 50 vol% ZrW2O8 in
the a-phase andg-phase, respectively, using densitie
at 20±C for Cu (8.96 gycm3 15), for a –ZrW2O8

(5.072 gycm3 16) and for g –ZrW2O8 (5.355 gycm3 16).
Despite the much lower compaction pressure and t
higher ceramic content, the composite hot-isostatica
pressed from copper-coated particulates [Fig. 3(b
exhibited a better ceramic distribution and a highe
compaction, because the coating prevented all ceram
ceramic contact points; the density of 6.63 gycm3

corresponds to apparent porosities between 0.0 a
2.5% for 60 vol%a – or g –ZrW2O8, respectively. The
mechanically alloyed composite exhibited a majorit
phase consisting of intimate mixture of ceramic an
metal [unresolved, gray matrix in Fig. 3(c)], as wel
as small amounts of unalloyed matrix and particulate
[light and dark discontinuous phases in Fig. 3(c)]. Th
measured density of 7.03 gycm3 corresponds to apparent
porosities between20.2 and 1.8% for 50 vol%a –
or g –ZrW2O8, respectively. The XRD spectrum of
the mechanically alloyed powder showed no peaks f
ZrW2O8, which could result from the amorphization
of the ceramic phase or from strong peak broadeni
due to small crystallite size. After annealing at 400±C
for 1 h, XRD spectra did not show the ZrW2O8 phase,
4, No. 3, Mar 1999
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but after annealing at 700±C for 15 min, new XRD
peaks indicated that a reaction between copper
ZrW2O8 had occurred.

During the hot compaction of blended, uncoat
powders,a –ZrW2O8 was partially transformed to the
high-pressure phaseg –ZrW2O8, as evidenced by XRD
measurements. Becauseg –ZrW2O8 has a much higher
CTE thana –ZrW2O8, it is desirable to induce theg-a
back-transformation, which takes place at 120±C at
ambient pressure according to Ref. 6. To investig
this back-transformation, XRD was performed on t
following heat-treated samples: (i) 90% dense co
posite samples, hot-isostatically pressed from blend
uncoated ceramic-metal powders; (ii) 90% dense co
isostatically pressed preforms; (iii) looseg –ZrW2O8

powders without copper, obtained by CIP at 690 MP
The ratios of the areas of the two main diffractio
peaks forg – and a –ZrW2O8, i.e., (201)gy(210)a and
(231)gy(211)a, respectively, were used as a measure
the fraction of transformed ZrW2O8. Figure 4 shows
that increasing heat-treatment time and/or tempera
increases the extent of theg-a back-transformation,
which is mostly complete after 24 h at 400±C or 2 h
at 500±C, within the window where no reaction i
expected (Fig. 2). The compaction state of the sample
also important: whereas nearly no high-pressureg-phase
remained in the mixed powders after 24 h at 400±C (or
in the green composite preforms after 2 h at 500±C),
a significantly higher amount ofg-phase was found in
the hot-isostatically pressed sample for the equival
heat treatments (Fig. 4). This is probably because
back-transformation is mechanically hindered by t
copper matrix, which must creep to enable the volu
expansion associated with theg-b transformation.

Finally, XRD spectra of composites process
with copper-coated powders exhibited no high-press

FIG. 4. Ratio of x-ray diffraction peaks areas of the high pre
sure g-phase and low pressurea-phase (for the two main respec
tive peaks) after different heat treatments for a partially compac
hot-isostatically pressed composite, a cold-isostatically pressed
form, and a loose powder blend.
J. Mater. Res., Vol.
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g-phase after HIP. However, some high-pressure
g-phase was found in the composite after therma
cycling, as discussed in more detail later.

B. Calorimetry

Figure 5 shows the first heating segment of the
calorimetric curves of as-receiveda –ZrW2O8 powders,
g –ZrW2O8 powders produced by CIP, and the hot-
isostatically pressed composite. Theg –ZrW2O8 pow-
ders exhibited a narrow peak at 133±C [peak (1)],
a large, broad peak at 290±C [peak (2)], which was
lowered to 270±C for a lower heating rate of 1 Kymin,
and three weak, broad peaks near 345, 435, and 480±C
[peaks (3–5)]. These peaks were observed with muc
lower intensity in a –ZrW2O8 at 130±C [peak (1)],
270 ±C [peak (2)], 415±C [peak (4)], and 485±C
[peak (5)]. The composite did not display peak (1)
but showed peaks (2) and (3) at 266 and 313±C, as
well as peaks (4) and (5) at temperatures similar to
the powders. For the powders, no peaks were observe
during the subsequent cooling and a second temperatu
cycle; the composite exhibited on cooling a very broad
signal between 500 and 300±C, but no peaks during a
subsequent cycle.

FIG. 5. Calorimetric heating curves for as-receiveda –ZrW2O8

powder, cold-isostatically pressedg –ZrW2O8 powders, and a
hot-isostatically pressed CuyZrW2O8 composite.
14, No. 3, Mar 1999 783
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FIG. 6. Dilatometric curves for the hot-pressed composite.

C. Dilatometry

Figure 6 shows the first two expansion curves of t
composite hot-pressed from powder blends and sub
quently annealed at 300±C for 15 min. In the first cycle,
the sample expanded strongly up to about 200±C (point
B), and then at a much lower rate up to 260±C (point C).
Upon subsequent heating to 315±C, a large expansion
was again measured to point D. In the cooling secti
of the first cycle, the CTE slope was low down to abo
150 ±C (point E), and then again very large up to ambie
temperature (point F), where a residual strain of 0.19
was recorded. However, the sample continued shrink
slowly at room temperature, and showed a residual str
of 0.04% (point A0) after 48 h. The second cycle in
Fig. 6 is qualitatively similar to the first cycle, excep
for the following differences: the initial large expansio
on heating subsided at a lower temperature (point B0),
the second large expansion at high temperature w
missing (points C0 and D0 are superimposed), and th
large shrinkage on cooling started at a lower temperat
(point E0). As for the first cycle, the plastic strain
of 0.11% at the end of the second cycle (point F0)
was recovered almost completely after 48 h, when
additional residual strain of 0.02% was measured. Th
subsequent cycles overlapped with the second cycle

Figure 7 shows for the hot-isostatically pressed co
posite the first and second thermal expansion curv
which are qualitatively similar to those of the hot-press
sample (Fig. 6). The first cycle exhibited a very high e
pansion on heating over the whole temperature range.
cooling, the contraction was initially low, but increase
with decreasing temperature, as in Fig. 6. The resid
strain (0.29%) was largely recovered after 48 h. We n
that the first cycles in Figs. 6 and 7 cannot be direc
compared, since the hot-pressed sample, unlike the
isostatically pressed sample, had not been subjected
300 ±C anneal prior to dilatometry, because of the la
784 J. Mater. Res., Vol. 1
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FIG. 7. Dilatometric curves for the hot-isostatically pressed
composite.

of XRD evidence of the high-pressure phase. The secon
cycles for both samples are, however, quite similar and
reproducible upon further cycling, indicating that the
thermal expansion behavior was stabilized.

Figure 8 shows the first two thermal expansion
curves of the mechanically-alloyed composite which was
annealed at 300±C for 15 min prior to testing. Unlike the
other composites (Figs. 6 and 7), the first two therma
expansion curves are smooth and reproducible. The sma
residual strain observed at the end of each cycle (0.0
and 0.03%) was almost fully recovered at ambient tem
perature in the 48 h interval before the following cycle.

IV. DISCUSSION

A. Calorimetry

For all samples, the main peaks for initial heating in
Fig. 5 were not observed upon cooling or during subse
quent thermal cycles, indicating that the corresponding

FIG. 8. Dilatometric curves for the mechanically alloyed composite.
4, No. 3, Mar 1999
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phase transformations occur from the metasta
g-phases to the more stablea- or b-phases (we note tha
a –ZrW2O8 is merely the most stable of all metastab
phases at ambient temperature and pressure, where
base oxides ZrO2 and WO3 are thermodynamically
stable12,13).

For g –ZrW2O8, peak (1) at 133±C corresponds to
the g-a transformation (measured at 120±C by Evans
et al.6), while peak (2) at 270–290±C can be assigned
to the g-b transformation, occurring if theg-a trans-
formation at 133±C is incomplete for kinetic reasons
The a-b transformation at 155±C is not observed
by calorimetry, as expected for a second-order ph
transformation.17 While the origin of the small peak (3
at 345±C is unclear, the two small peaks (4–5) a
tentatively interpreted as limited oxygen loss from t
powder surface reported by Ref. 13. The calorimet
curve for a –ZrW2O8 shows very weak peaks simila
to those forg –ZrW2O8, indicating that the as-receive
a-powders contain a small amount ofg-phase, estimated
as 1% from the ratio of the areas of peak (2).

The hot-isostatically pressed composite shows
g-a peak (1), while theg-b peak (2) and peak (3)
are shifted by 25–30 K as compared to those in
g –ZrW2O8 powder. Such a shift can be explained b
internal mismatch stresses, as discussed in more d
in the following section. The area ratio of peaks (
gives an approximate 16 vol%g-phase content in the
composite (corresponding to about a quarter of the
ramic content). Peaks (4) and (5) match roughly the c
responding peaks in the powders and could also be
to oxygen loss from the ceramic. The lack of pea
on cooling and subsequent cycling, which are expec
from mismatch stresses as discussed in the follow
paragraph, is explained by the very small sample s
(about 1 mm3), which probably did not allow the buildup
of internal stresses necessary for the formation of
high-pressureg-phase upon cooling.

B. Composite residual stresses

Because of the very large CTE mismatch betwe
Cu and a –ZrW2O8 (Da  29 3 1026 K21 at ambi-
ent temperature), significant residual stresses exis
ambient temperature after cooling from the fabricati
temperature, where the composite is assumed to be
of thermal mismatch stresses. Since copper exhibit
low yield stress, matrix plastic deformation occurs f
a small temperature excursionDTp upon cooling from
the stress-free temperature. An estimate forDTp can be
found by considering a mismatching sphere in an infin
elastic, ideally plastic matrix, as treated by Leeet al.18

Matrix plasticity starts at the particle-matrix interfac
when the particle hydrostatic stressp reaches two thirds
of the matrix yield stresssy. The mismatch strain can
J. Mater. Res., Vol. 1
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then be calculated as18:

e 
p

4 ? G ? b
, (1)

whereG is the matrix shear modulus andb is a constant
containing the matrix Poisson’s ratio and the bulk modu
of the matrix and the particle. Identifying the radial mis
match straine asDaDTp, taking a representative matrix
yield stress value (sy  50 MPa), and using compress-
ibility for particle and matrix (KZrW2O8  69.4 GPa8 and
KCu  138 GPa19) and matrix shear modulus for Cu
(GCu  48.3 GPa19), the temperature drop for the onse
of matrix plasticity predicted by Eq. (1) isDTp  11 K.
The particle hydrostatic compressive stress is thenp 
2y3sy  33 MPa.

Using the Eshelby technique,1 which unlike Eq. (1)
is valid for finite fraction of particles, the temperature
excursion corresponding to the above particle hydrosta
stress isDTp  21 K (assuming a value of 0.3 for the
ceramic Poisson ratio and a volume fractionvp  0.5). It
can thus be safely assumed that the matrix is fully plas
at ambient temperature after cooling from the fabricatio
temperature (250 or 500±C) or the subsequent annealing
temperature (300±C).

It is unknown whether the high-pressureg –ZrW2O8

formed during preform CIP transformed to the low
pressurea- or b-phases upon initial heating to the hot
compaction temperature. During compaction, howeve
the ZrW2O8 particulates were subjected to compressiv
hydrostatic pressures on the order of 100 MPa (HIP) a
1.4 GPa (hot pressing). By comparison, Evanset al.8

reported that an equilibrium mixture of 36%g –ZrW2O8

and 64%a –ZrW2O8 exists at ambient temperature fo
an hydrostatic stress of 200 MPa, and that the tran
formation is complete for a stress of 400 MPa. In th
absence of a pressure-temperature phase diagram
ZrW2O8, it is thus reasonable to assume that the ho
pressing pressure of 1.4 GPa was sufficient to ful
transform the ceramic to theg-phase at the fabrication
temperature. Furthermore, upon subsequent cooling fro
that temperature, thermal mismatch stresses produ
an additional compressive hydrostatic stress in the p
ticulates, which can be estimated from an expressi
derived by Leeet al. [Eqs. (28) and (29) in Ref. 18],
assuming plastic relaxation of the matrix. Using th
above materials parameters and assuming a tempera
drop of 477 K from the HIP temperature to ambi
ent temperature, the particulates hydrostatic compress
stress due to thermal mismatch is 166 MPa. Furthermo
additional compressive residual stresses are induced
the particulates upon release of the processing press
since the bulk modulus of ZrW2O8 is lower than that
of copper.

We thus conclude that both hot-pressed and ho
isostatically pressed specimens are likely to exhibit si
4, No. 3, Mar 1999 785
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nificant amounts of high-pressureg –ZrW2O8 after fab-
rication at ambient temperature and pressure. The X
measurements indeed indicate that most of the cera
in the hot-pressed composite exists in theg-phase.
Because of the lower hydrostatic pressure used dur
consolidation and the absence of contact points betw
ceramic particulates due to the copper coating [Figs. 3
and 3(b)], the hot-isostatically pressed composite
expected to have lessg-phase than the hot-presse
sample. Unexpectedly, the XRD spectra of the ho
isostatically pressed composite showed a total lack
g-phase. We believe that this is due to the very shall
penetration depth of x-rays in the specimen surfa
where relaxation produced by the free surface and
sample cutting triggered theg-a back-transformation
which was complete in the hot-isostatically press
composite because of its lower initialg-phase content.
The g-phase content of 16 vol% estimated above fro
calorimetric peak ratios for the hot-isostatically press
sample is thus more representative of the bulkg-phase
content for that sample.

While unconstrainedg –ZrW2O8 transforms to the
a-phase at 133±C at ambient pressure (Fig. 5), therm
mismatch in the composite induces tensile hydr
static stresses ing –ZrW2O8 particles upon heating the
composites from ambient temperature (e.g., in t
dilatometry experiments). An estimate for the onset
matrix plasticity is again given by the above calculatio
using 2DTp  22–42 K due to the initial compressive
residual stress in the particles. Similarly, upon coolin
during the dilatometry experiments, compressive stres
are again induced after a temperature drop ofDTp (if
relaxation leads to a stress-free composite) to2DTp

(without relaxation).

C. Dilatometry

Many models based on elastic interactions betwe
matrix and reinforcement give bounds for the CTE
composites, as reviewed in Ref. 20. The most us
bounds are those of Turner21 and Schapery.22 Turner
expression gives an upper bound as:

aT 
vm ? am ? Km 1 vp ? ap ? Kp

vm ? Km 1 vp ? Kp
, (2)

wherev is the volume fraction,a is the CTE,K is the
bulk modulus, and the subscriptsm andp are for matrix
and particle, respectively. Schapery’s lower bound is

as  vmam 1 vpap

1
4Gp

Kc

vmsap 2 amd sKc 2 Kmd
3Km 1 4Gp

, (3)

whereKc is the composite modulus given by
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Kc 

vpKp

3Kp 1 4Gm
1

vmKm

3Km 1 4Gm
vp

3Kp 1 4Gm
1

vm

3Km 1 4Gm

. (4)

Inverting the subscriptsm and p in Eq. (3) gives
Schapery’s upper bound, which is lower than Turner
expression [Eq. (2)] and corresponds to the bound d
rived by Kerner.23 Since for CuyZrW2O8 composites
both the bulk modulus and the thermal expansion a
larger for the matrix than for the particles, Eq. (2) is a
upper bound while Eq. (3) is a lower bound. This is th
opposite of the case for most metal matrix composite
examined to date, where the metallic matrix has a high
thermal expansion but a lower bulk modulus than th
ceramic reinforcement. For the same reason, the boun
given by Eq. (2) and (3) are higher than the rule o
mixture value. Table I gives the CTE for CuyZrW2O8

composites calculated from Eqs. (2) and (3), using a
average CTE for copper in the temperature interval
interest, the CTE of the three ZrW2O8 phases determined
from literature data, and elastic constants given above

In the following paragraphs, we discuss the comple
dilatometric behavior of Figs. 6–8 based on the CT
bounds given by Eqs. (2) and (3) in Table I and th
allotropic volume change of 5%8 associated with thea-g
phase transformation described in the previous sectio

1. Hot-pressed composite

The XRD spectrum after heat treatment at 300±C
but before cycling shows that most of ZrW2O8 exists
in the g-phase. The anomalously high expansion upo
initial heating (Fig. 6) can be explained by theg-a
volume expansion of 5%. As expected from Le Chate
lier’s principle, the hydrostatic tensile stresses produce
within the ceramic by the thermal mismatch on heatin
depresses the allotropic temperature as compared to
value of 133±C for the unconstrained powder (Fig. 5)

TABLE I. CTE values (1026 K21) for Cu and ZrW2O8 from litera-
ture data and for CuyZrW2O8 composites from Eqs. (2) and (3).

ZrW2O8
a –ZrW2O8 b –ZrW2O8 g –ZrW2O8

(20–160±C) (200–500±C) (20–500±C)
content
(vol %) Eq. (2) Eq. (3) Eq. (2) Eq. (3) Eq. (2) Eq. (3)

100 212.0a 212.0a 24.5b 24.5b 21.0c 21.0c

60 4.5 1.1 8.8 6.1 10.1 7.8
50 7.3 4.0 11.1 8.4 12.0 9.8
0 17.1d 17.1d 19.0d 19.0d 18.6d 18.6d

aAverage betweena  210.4 3 1026 K21 (50–200±C5) and a 
213.5 3 1026 K21 (25–155±C6).

bAverage betweena  23.4 3 1026 K21 (200–500±C5) and a 
25.6 3 1026 K21 (155–500±C6).

cFrom Ref. 31 from2253 to 27±C, assumed to be valid up to 500±C.
dTemperature average from Ref. 31.
4, No. 3, Mar 1999
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The transformation occurs over a large temperature in
val (between points A and B, Fig. 6), probably becau
the volume expansion of the ceramic is limited b
matrix thermal expansion and matrix creep. Over
interval of about 60 K between points B and C, th
composite CTE (a  12.5 3 1026 K21) is reduced but
still higher than the upper bound (Table I). Betwe
points C and D, a large composite expansion occ
again, most probably as theg-b transformation occurs
within the creeping matrix. Upon cooling from point D
to E, the Cuyb –ZrW2O8 composite shows a CTE (a 
10 3 1026 K21) within the bounds given by Eqs. (2
and (3). At point E, theb-g transformation (and, a
lower temperature, thea-g transformation) occurs with
a concomitant volume contraction of 5%, resulting in
large shrinkage of the composite down to point F. Aga
as expected from Le Chatelier’s principle, the ons
of this transformation occurs at a higher temperatu
than the equilibrium value of 133±C, since the therma
mismatch between matrix and particulates produce
compressive hydrostatic stress within the ceramic. T
a-g transformation occurs continuously at a sluggi
rate at ambient temperature during the 48 h followi
the first cycle, as illustrated by the shrinkage betwe
points F and A0.

The differences noted in the second cycle in Fig
(smaller anomalous expansion and shrinkage) indic
that lessg-phase was present at the onset of that cyc
The observation that the three subsequent cycles o
lapped with the second cycle confirms that the reversi
transformationa, b $ g induced by internal mismatch
stresses is indeed responsible for the anomalous c
posite expansion and contraction.

Other possible reasons for deviation from the ela
tic bounds given by Eqs. (2) and (3) include matr
plasticity, matrix voids, interfacial delamination, partic
fracture, and residual stresses.24–29 However, none of
these mechanisms can satisfactorily explain the unus
behavior observed in Fig. 6: combination of low an
high thermal expansion regions, heating-cooling hyste
sis, time-dependent recovery at ambient temperature,
repeatability after the second cycle. In particular, the lo
CTE values found at high temperature (Fig. 6) indica
that particle and matrix are well bonded, since, in t
extreme case of full debonding, a composite exhibits
same CTE as the matrix. Also, residual stresses w
further ruled out by an experiment where the partic
residual stress state at ambient temperature had b
altered to be fully tensile through a thermal excursion
77 K by immersing the composite into liquid nitroge
The dilatometric curves showed no difference befo
and after this cryogenic thermal excursion. We th
conclude that mismatch-induced phase transformatio
the only mechanism that can satisfactorily explain t
dilatometric curves. However, this explanation is bas
J. Mater. Res., Vol.
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on indirect measurement and needs to be confirme
by direct experiments, i.e., neutron diffraction or high-
intensity x-ray diffraction as a function of temperatures
during a thermal cycle.

2. Hot-isostatically pressed composite

The main differences with the hot-pressed composit
discussed in the previous paragraph are the much low
hydrostatic pressure used during consolidation and th
absence of contact points between ceramic particulate
resulting from the copper coating [Figs. 3(a) and 3(b)];
both modifications are expected to reduce the amount o
high-pressureg –ZrW2O8 present at ambient tempera-
ture after processing. Figure 7 shows the first and secon
thermal expansion curves of the hot-isostatically presse
composite, which are qualitatively similar to those of
the hot-pressed sample (Fig. 6). The first cycle exhibit
a high expansion on heating which is, however, lowe
than for the hot-pressed composite, Fig. 6, indicating tha
g –ZrW2O8 was present but in smaller quantities than for
the hot-pressed composite. On cooling, the contraction
initially low [ a  425 3 1026 K21, within the bounds
given by Eqs. (2) and (3)], but increases at low tempera
ture as for Fig. 6. We again stress that the first cycle
in Figs. 6 and 7 cannot be directly compared, since th
processing and annealing residual stresses were differe

However, the second cycles in Figs. 6 and 7 are
quite similar and are in both cases reproducible upo
subsequent cycling, indicating that equilibrium was
reached. The heating and cooling segments of the seco
cycle can be divided into 4 segments for which averag
CTE values are determined. As shown in Fig. 9 for
the hot-isostatically pressed composite, the experiment
composite CTE on heating is much higher than the
upper bound given by Eq. (2) in regions I and II,
somewhat higher than the upper bound in region II
(but within limit if some g –ZrW2O8 exists), and well
within bounds in region IV, whereb –ZrW2O8 is stable.
Similar conclusions can be drawn for cooling, where the
CTE is on average lower than on heating, because o
the residual strain.

From the residual strain at the end of the cycles
(er  0.29% for the first cycle ander  0.13% for the
second cycle), the volume fractionvg of g –ZrW2O8

present at ambient temperature can be estimated as

vg 
er

1
3

DV
V

? vp

, (5)

whereDVyV  5% is the allotropic volume difference.
For the first and second cycles of the hot-isostatically
pressed composite in Fig. 7, Eq. (5) predicts physically
plausible values ofvg  29% and vg  13%, respec-
tively, which are in broad agreement with the value of
16% estimated from the ratio of calorimetry peaks (3)
14, No. 3, Mar 1999 787
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FIG. 9. Comparison between model bounds and measured comp
CTE (second, stable cycle of the hot-isostatically pressed Cuy60 vol%
ZrW2O8 composite).

in Fig. 5. Similar values (vg  23% andvg  13%) are
found for the hot-pressed composite in Fig. 6.

3. Mechanically alloyed composite

The mechanically alloyed, hot-pressed compos
shows a CTE which increases smoothly from abo
a  9 3 1026 K21 to about a  12 3 1026 K21 on
heating, and decreases from abouta  10 3 1026 K21

to abouta  9 3 1026 K21 on cooling (Fig. 8). These
values are for the most part above the upper bou
given by Eq. (2), even if all the ceramic exists in th
g-phase (Table I and Fig. 9). While the mechanica
alloyed composite shows a smaller residual, recov
able strain at ambient temperature and a much sma
hysteresis below 150±C than the other composites,
exhibits a larger CTE above 150±C. As for the other
samples, these observations can be explained by
reversible formation of small amounts ofg –ZrW2O8,
possibly in the large, unmixed ZrW2O8 particulates
visible in Fig. 3(c). Amorphization or decompositio
of ZrW2O8 during mechanical alloying, which is an
alternate hypothesis for the high composite CTE, can
ruled out, because the CTE would be much higher th
experimentally measured, and because neither hyster
nor ambient-temperature recovery would occur.

The very small ZrW2O8 particle size in the me-
chanically alloyed composites thus seems to partia
inhibit the formation of the high-pressureg-phase as
compared to the composites with coarser particulat
Two explanations, based on a lower mismatch hyd
static pressure in the fine particles, can be advanced
788 J. Mater. Res., Vol. 1
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this behavior. First, the mechanically alloyed particle
are probably more equiaxed than the as-received p
ticulates [Fig. 3(a)], so that stress concentrations due
thermal mismatch are reduced. Second, plastic relaxat
by dislocation punching in the matrix is easier fo
small particles, because the low number of geometrica
necessary dislocation loops per particle reduces or ev
eliminates strain hardening in the plastic zone.30

While mechanical alloying reduces the average com
posite thermal expansion between 25 and 300±C and
brings us closer to the original goal of a low-expansio
CuyZrW2O8 composite, this processing route has tw
major drawbacks: it is time-consuming and thus unec
nomical, and it introduces impurities and cold work i
the matrix, thus reducing its thermal conductivity. Fo
the simpler route of hot compaction of blended powde
two strategies can be used to limit the undesirable pha
transformation leading to the large apparent CTE. Fir
the mismatch stresses can be reduced by lowering
fabrication pressure and temperature, which is, howev
impractical if full densification is to be reached with
high volume fractions of ceramics, or the matrix yiel
stress can be reduced by using very high-purity co
per, which is difficult for electroless copper. A second
more promising approach is to alter the chemistry
ZrW2O8 so as to increase the critical pressure for th
formation of theg-phase, for example, through partia
or complete replacement of zirconium by hafnium, sinc
a –HfW2O8 has the same strongly negative CTE valu
as g –ZrW2O8.6,7

V. SUMMARY

Three processing routes were developed to fabric
CuyZrW2O8 composites with 50–60 vol% ceramic
without reaction and with little or no residual porosity
(i) high-pressure, low-temperature, hot-pressing
blended metal-ceramic powders; (ii) low-pressur
high-temperature, hot-isostatic pressing of coppe
coated ceramic powder; and (iii) high-pressure, low
temperature, hot-pressing of mechanically alloye
metal-ceramic powders.

The thermal expansion of the composites was me
ured between 25 and 300±C. The first thermal cycle
(and to a lesser extent the subsequent thermal cyc
showed hysteresis, time-dependent recovery, as well
coefficients of thermal expansions significantly large
than predicted from composite elastic theory. The
effects were reduced in the mechanically-alloye
composites.

This anomalous behavior can be explained by t
reversible allotropic transformation of ZrW2O8 between
its high-pressureg-phase and its low-pressurea – or
b –ZrW2O8 phases, which is accompanied by a substa
tial volume change.
4, No. 3, Mar 1999
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Experimental calorimetry and diffraction measure
ments as well as theoretical stress estimations show
g –ZrW2O8 is initially formed by the high isostatic pres
sure used during processing. Upon subsequent hea
and cooling, hydrostatic stresses produced in the pa
cles by the thermal expansion difference between ma
and reinforcement are sufficient to reversibly induce t
allotropic transformation. To the best of our knowledg
this is the first time that a phase transformation has be
observed in a metal matrix composite as a result
thermal mismatch stresses.
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