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Pressure-induced cubic-to-orthorhombic phase transformation
in the negative thermal expansion material Hf\W  ,Og
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The effect of pressure on the crystal structure of B/ has been investigated by neutron powder
diffraction. At a hydrostatic pressure of 0.62 GPa at room temperature the cubic material transforms,
with a 5% reduction in volume, to the same orthorhombic phase that is seen in the isostructural
compound ZrWOg above 0.21 GPa. The transformation is sluggish, requiring about 24 h to
complete at constant pressure. Once formed, the orthorhombic phase is retained upon release of
pressure. Upon heating to 360 K, the metastable orthorhombic phase transforms back to the cubic
phase. The substantially higher pressure for the cubic-to-orthorhombic transition inQgfw
compared to Zr'WOg, may be important for the application of this material in composites with
controlled thermal expansion because rather large local pressures can occur in such composites.
© 2001 American Institute of Physic§DOI: 10.1063/1.1347412

INTRODUCTION SAMPLE PREPARATION AND NEUTRON POWDER
DIFFRACTION
Zirconium and hafnium tungstate, Zp@®g and

HfW,Og, exhibit large isotropic negative thermal expansion A Powder sample of H\WOs was made from
over a temperature range fro4 K to above 1000 K2 This ~ HfOCl6H,0 and BWO, used in a 1:2 ratio. The W reac-
remarkable behavior makes these materials useful as coﬁ”—lnt was d'SSOI\_’ed In aq_ueous ammonll_Jm hyd_rOXIde. The Hf
stituents in composites where an objective is to adjust therr_eactant was dissolved in water and this solution was added

mal expansion to a desired value. However, Z&, which to the W solution. This mixture was heated on a hot plate to
was investigated initially, undergoes a pressure-induce&omplete dryness. The resulting solid was then heated in air

phase transformation at 0.21 GPa with a 5% reduction it 600 °C/h and held at 1200° Crf@ h and then quickly

volume®* The resulting orthorhombic phase is metastablec00led o room temperature by removing the sample from
upon release of pressure at room temperature, but conver{d€ furnace. o
back to the cubic phase upon heating. Ceramic processin@ Neutron powder diffraction data were collected as a

methods and grain interaction stresses in composites can reinction of hydrostatic pressuf@-0.62 GPaat room tem-

sult in local pressures sufficiently large to drive grains of thePerature anpl, for the metastable orthorhombic biD4
tungstate through the phase transformafitithis happens, phase following release_ of pressure, as a functlo_n of tempera-
the composite will exhibit unusual hysteretic thermal expan-{uré (50—380 K at ambient pressure. The experiments were

sion behavior as the ZryDg grains transform to the ortho- Performed —on  the Special ~ Environment — Powder
rhombic phase on cooling, with a 5% reduction in volume Diffractometef at the Intense Pulsed Neutron Source, Ar-

and then transform back to the cubic phase upon heatingonne National Laboratory. Hydrostatic pressure was gener-

above 390 K. with a 5% increase in volume. ated with a helium gas pressure cell. Data versus temperature
In this article, we report the results of a study of the at ambiept pressure were pollecteq .using a displex closed-

effect of applied hydrostatic pressure on the isostructurafycle helium refrigerator with provision for heating above

compound HfWO,. Hafnium tungstate exhibits the same room temperature. Experimental details have been reported

remarkable negative thermal expansion properties as zircglsewheré.

nium tungstat®. However, we show that the pressure-

induced phase transformation to the denser orthorhombiBATA ANALYSIS AND RESULTS

phase occurs only at pressures above 0.6 GPa. Thus, this The data were analyzed by the Rietveld method using
compound may have advantages for use in composites.  the Gsas program’ In the pressure cell, as a result of the
beam collimation that is an integral part of the &adlata are
Author to whom correspondence should be addressed: electronic maifollected only at thet90° scattering angles, where the col-
jiorgensen@anl.gov limation eliminates all Bragg background scattering from the
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FIG. 1. Phase fractions of the cubic and orthorhombic phases of,Bf\&s
a function of time at a constant applied hydrostatic pressure of 0.62 GP&IG. 2. Unit cell volumes for the cubic and orthorhombic phases of
Error bars are smaller than the points. HfW,0Og as a function of pressure at room temperature. Data for the cubic
phase were taken with increasing pressure. Data for the orthorhombic phase
were taken with decreasing pressure after the transformation was complete.
cell. In the displex refrigerator and simple radiation furnaceEror bars are smaller than the symbols.

used to collect data as a function of temperature, the high

resolution back scatteringt145° data are used for the re- . . . . .
finements. In both the cubic and orthorhombic phases th@1Ight occur at a slightly higher pressure, but is certainly not
! dequate to explain the threefold increase in transformation

refined parameters included the lattice parameters, atom pp_ressure observed in experiments. The volume change asso
sitions, and isotropic temperature factors. In the orthorhomt. i . - . i
P b ciated with the transition, 5.06%, is very slightly larger than

bic phase, temperature factors for the same eleiitw, in Zr'W,0g (4.95%. This results simply from the small dif-

: i
or O) were constrained to be equal to reduce the number orf] . I
vari;bles 9 erence in the compressibilities of the two phases and the

HfW, 0, essentially mimics the behavior of Zp@,>* higher transformation pressure. At 0.21 GPa, the volume dif-

except that the pressure-induced cubic-to-orthorhombiﬁrence for the cubic and metastable orthorhombic phases of

. . o i
phase transformation occurs at a higher pressure and displa th20'[8 IS ?'94 A’t’. Wh.'ChZ'S |den:|((:)a£06tge volume change
sluggish kinetics. The cubic phase remains stable to 0.6 e transformation in ZrfDs at 0. a.

GPa. This is the highest pressure that can be reached in thesclnssg(; F:;‘:;VIO::SSW;{ kcgr?1 ere;\ég% Xeézlﬁ; Pgiszgf”fhvgec bic
helium gas pressure cell. At this pressure, the transformatioﬂI u unusu P : V! ubl

to the orthorhombic phase begins after about 4 h. Figure Phase in an attempt to explain the cause of the transforma-

shows the refined fractions of the cubic and orthorhombié“on' However, because cubic Zply exists only over a

phases as a function of time at constant pressure. The tran%-_o'21 GPa pressure range, it was difficult to lear the re-

formation is essentially complete after 24 h. Because thgPonse of individual bond lengths and angles to pressure

transformation depends on oxygen migration, the sluggisl){vl'lthwthe ?nes'rffh prkemsmn. ';Ii—hrf [:reser:t s)'iu?nyinor& lzlmé ¢
kinetics could be due to the higher transformation pressur OWs some ot the Key questions 1o be reexamined. 1SSUes o

(0.62 GPa as compared to ZryD, (0.21 GPa Oxygen ey importance are the gompression of Hf—O and W-0O
diffusion would be slower at higher pressure as a result OFOE.dS andl theRpreslfurfe-lnd;Jhced chan?e';s (;n tI'E:Ih”W .
the constriction of the diffusion pathways. Once formed, theNKING angies. Results from the present study are shown in

orthorhombic phase is metastable and remains after the rf—'i‘.n& a'\r/:of;slgmrt-i?rzgstge Ft\/r\]/o r'ggsep;ndaesnt';?;\go de-
lease of pressure at room temperature. In separate experj- 'Ng ang ' With pressure, as w

ments, we investigated whether the cubic-to-orthorhombi u\c;iedr ];romtrflrgi?w Stu\‘% O:] ZrWl?gt.hThlsn counlt(—irlnttljltlve bfe;h
transformation would occur at a lower pressure. No evidenc avior 1s s g evidence of the unusual topology ot the

for transformation was observed below 0.6 GPa. The experi- W,0q structure. Whereas most corner-linked framework

ments included a run in which the pressure was held at 0‘5§tructures achieve volume reduction under pressure by de-

GPa at room temperature for 11 days with no sign of transs'ca>iNg the_llnkmg angles, because of the topology of the
formation. structure, this does not occur for M@Wg. In fact, a

. istance-least-squares refinement for an idealized cubic
Cell volumes versus pressure for both the cubic andj q

orthorhombic phases are shown in Fig. 2. The data for the

cubic phase are ta_ken with increasing pressure, Wh”e thOSEABLE 1. Volume compressibilitie§(AV/AP)/\V] for the cubic and ortho-
for the orthorhombic phase are taken with decreasing preshombic phases of HWD, and ZrW,0g? as measured bin situ neutron
sure after the transformation is complete. The volume compowder diffractiqn_ under hydrostatic conditions, using helium gas as the
pressibilities are compared with those for the two phases diressure transmitting fluid.

ZrW,Qg in Table I. In the cubic phase, HMDg has a HW,05 (GPal)  ZrW,0, (GPaY)
slightly smaller compressibility than Zr\g, but the
orthorhombic-phase compressibilities are identical. The
slightly smaller volume compressibility for cubic Hi\@g
suggests that the transformation to the orthorhombic phassee Ref. 4.

Cubic phase 0.0122) 0.01381)
Orthorhombic phase 0.0168 0.01531)
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ZrW,0q structure(with perfect rigid polyhedraas a func- After the orthorhombic phase of HfDg is formed at

tion of changing the unit cell volume shows that, over ahigh pressure, it remains stable upon the release of pressure
limited range of cell volumes, compression can occur whileat room temperature. This allows the study of the thermal
the average linking angle increade®ur experiments con- €expansion properties of the orthorhombic phase, as was done
firm the prediction of this model calculation for both for Zrw,0g.*° The behavior is very similar. At low tem-
ZrW,0g and HW,Og. peraturglbelow 200 K, the volume thermal expansion of the
The present data also allow a more accurate determing@rthorhombic phase is negative, but it becomes positive
tion of the compression of Hf—O and W—0O bonds. In theabove 200 K as the transformation back to the cubic phase is
cubic phase, there are two independent Hf—O bond lengthgpproachedFig. 4). Taking data at the temperatures shown
in each HfQ octahedror(three of each lengjhand two in-  in Fig. 4 on warming, starting at 50 K, wit3 h data collec-
dependent W—0O bondshree of one length and one of dif- tion times, we found our metastable sample to be orthorhom-
ferent length in each of the two independent W@®etrahe-  bic at 350 K and cubic at 360 K. The kinetics of this trans-
dra. The behavior of these bond lengths, and the averages flarmation were not investigated; however, work on ZOy°
the polyhedra, are shown in Fig. 3. As expected, the averageas shown that there can be kinetic effects, as would be
bond compressiofexpressed asAI/AP)/I] is very small:  expected for a transformation that depends on thermally ac-
—2(2)x10 2 GPa ! for Hf—O bonds and—5(5)x10 3 tivated oxygen migration. The average volume thermal ex-
GPa ! for W—0 bonds(based on least squares fits of linear pansion[ (AV/AT)/V] of the orthorhombic phase at low
functions to the data temperaturg50—100 K is —6x 10 8 K~ 1. Within the un-
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FIG. 4. Unit cell volume upon heating the metastable orthorhombic phase of 27,00
HfW,0g. At 360 K there is a transformation to the cubic phase. In the cubic ’ (b) IR L ' ]
phase, error bars are smaller than the symbols.

27.000- ]

b (A)

certainties of the measurement, this is the same as was ob- 26.995- 1
served for the metastable orthorhombic phase of i
ZrW,0g.° Thus, the thermal expansions are the same for 26.990.
both the cubi¢ and orthorhombic phases of Zg@; and
HfW,0g. [

Above about 200 K, the thermal expansion becomes in- B e e e e 2 ae e ao
creasingly positive as the transition back to the cubic phase Temperature (K)
(at 360 K is approachedFig. 4). In a recent article about
ZrW,0g,° we have discussed in detail the basis for this un- 8588 o T
usual thermal expansion behavior of the orthorhombic phase. i
At low temperature, the thermal expansion is dominated by
phonon contributions and is negative, as for the cubic phases
of Zrw,0g and HW,Og. The magnitude of the negative
thermal expansion is considerably smaller because the ortho- 8889
rhombic phase contains additional metal—oxygen bonds that _
reduce the framework flexibility. This leads to a situation sasal
where the negative thermal expansion at the lowest tempera- f
ture (from phonon modes with negative Gruneisen param- Y| T B S - s -
eterg is partially compensated at higher temperature as ad- o %0 0 }z’mp:?;tur:“’("m 0 350 400
ditional phonon modeéwith positive Gruneisen parametgrs
are excited. With increasing temperature, an additional posFIG. 5. Unit cell lengths of the metastable orthorhombic phase of J&jyV
tive contribution to the thermal expansion results from fluc-as a function of temperature. Data were takgn upon heating. Solid lines are
tuations in the structure that are made possible by the thel’;‘ze;”?fg' /RC%'CH'Eat'czg)] Vi itnthu dgg“t‘i‘ltgmﬁggr)]:t:rmog‘)g&*acfher_
mally activated migration of oxygen atoms. ma”;) activated terﬂ;. ' P

Based on this simple physical picture, we have previ-
ously showd that the linear thermal expansion can be ad-

equately modeled with a function containing three terms: &qratyres ¢,> ¢,), andc, andc, are experimentally deter-
term to model the low-energy phonon contribution with amined coefficients for the negative and positive contributions
negative Gruneisen parameter leading to negative thermg) ihe thermal expansion, respectively.

expansion, a second phonon tefassociated with higher- A thermally activated term is added to give the expres-
energy phononswith a positive Gruneisen parameter lead- sion for the overall thermal expansion

ing to a positive contribution to the thermal expansion at

higher temperature, and a thermally activated term describ-  total T) = phonod T) + C3 €Xp( —EA/RT), @)

ing the contribution of structural fluctuations that are madqlvhereEA is the activation energy for the therma”y activated
possible by thermally activated oxygen migration. In thisterm andc, is a coefficient that scales the contribution of this
work, the two phonon contributions are described using agrm.
simple Einstein modéf The data for orthorhombic HfWDg were not taken at
low enough temperature and at enough closely spaced tem-
(1)  peratures near room temperature to perform a least squares
fit where all parameters of this function are varigds was
wherea is the lattice parametea, is the lattice parameter at done for ZrWOg).° However, using the same Einstein tem-
T=0, T is the temperatured, and 6, are characteristic tem- peraturesf,=80 K and #,=600 K, and activation energy,

8.885[ ]

8.8841-

c(A)

@phonon . C16; C20>

M ey |~ exp(8,/T) =1 " exp(f,/T) 1"
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TABLE Il. Fixed parametersf,, 6,, E,, and refined parameters from
fitting Eq. (2) to the data for the, b, andc lattice constants of orthorhombic
HfW,Og vs temperature. Numbers in parentheses are standard deviations f
the refined parameters. The results of the fittings are shown in Fig. 5

Parameter a b/3 c
ag (T=0) (A) 9.05314) 8.998G4) 8.88535)
c; (1008 K™Y —2.4(6) —1.64) —4.08)
0, (K) 80 80 80
c, (1008 K™Y +2.51.5 +3.1(1.2) +10.1(1.8
0, (K) 600 600 600
cs (A) 2600600 2300500 —370Q700
E, (kJmol?) 40 40 40

EA=40 kJmol!, as for Zr'w,Og and varying only the three
coefficientsc; and theT =0 values for the lattice parameters,
this function provides a good fit to the data for the three

Jorgensen et al.

differences between the two structures. Thus, we have no
grtructural explanation for the large difference in the transfor-
mation pressure. This extreme sensitivity of the transforma-
tion pressure to subtle differences in chemistry and/or struc-
ture is consistent with our previous observation of a small
difference in the transformation pressure for two samples of
ZrW,0g, for which we were unable to provide an explana-
tion. Such behavior suggests that the transformation proper-
ties could also be quite different in nonhydrostatic condi-
tions.

Perhaps more importantly, this work shows that subtle
changes in chemical composition can be used to dramatically
change the properties of this material under applied pressure.
This is particularly important when the tungstate is used as a
constituent in a composite where the goal is to achieve a
desired overall thermal expansion. In composites, during for-
mation and/or as a function of temperature, the local pressure

orthorhombic axes, as shown in Fig. 5. Values of the coeffican easily reach values large enough to cause the transfor-

cients used to fit the model to the data are given in Table I

CONCLUSIONS

The large difference in the cubic-to-orthorhombic trans-
formation pressure for HWOg; (0.62 GPa compared to
ZrW,0g (0.21 GPais surprising in light of the essentially
identical structural chemistry for Hf and Zr in the tungstate

compound. Table Il shows characteristic bond lengths and

o

angles for the two compounds in the cubic phase. The stru
ture consists of a HZr)Og octahedron and two symmetry-
inequivalent WQ tetrahedra that are linked to the (#f)Oq
octahedra through shared oxygen atoms. Thus, tk&rH{O
distances, W-0O distances, and(Z)—0O—-W linking angles
are the most important structural parameters where on
might look for a difference between the hafnium and zirco-
nium compounds. As shown in Table Ill, even with the pre-
cision data obtained in these studies, there are no significal

mation of grains of cubic ZrAOg to the orthorhombic
phase. When this transformation occurs, it imparts a strange
hysteretic behavior to the composite, as was recently shown
in work on composites of ZrWOg and coppeP.Our results
reported in this article shows that chemical substitution can
be used to overcome this challenge in the application of

these remarkable negative thermal expansion tungstate mate-

ials. A goal of this article has been to provide the physical
arameters for HA\AWOg that are needed for use of the mate-
rial in applications, including the rational design of compos-
ites.

It
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TABLE lIl. Selected bond lengths and angles in Hf®4 and the corre-

sponding lengths and angles in Zy® . These data are the zero-pressure 1T A Mary, J. S. O. Evans, T. Vogt, and A. W. Sleight, Scie@@&, 90
values from a least squares fit of a linear function to the respective length (199,

and angle data vs pressure. Numbers in parentheses are standard deviations 5. 0. Evans, T. A. Mary, T. Vogt, M. A. Subramanian, and A. W.

of the last significant digit.

Bond length or angle H\AOg ZrW,0q
Hf(zZr)-01 (A) 2.0452) 2.03712)
Hf(zr)-02 (A) 2.0973) 2.1004)
Average HfZn—-0 (A) 2.0712) 2.0692)
W1-01(A) 1.8032) 1.8063)
W1-04(A) 1.7087) 1.7097)
Average W1-OA) 1.7792) 1.7822)
W2-02(A) 1.7852) 1.7872)
W2-03(A) 1.68611) 1.7003)
Average W2-OA) 1.76Q3) 1.7652)
Hf(Zr)—01-W1(°) 153.022) 153.43)
Hf(Zr)—-02-W2(°) 169.73) 170.92)

?Data for ZrW,Og and the atom numbering scheme are from Ref. 4.
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