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Iron bce-hep transition: Local structure from x-ray-absorption fine structure
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The x-ray-absorption fine-structure technique has been utilized to investigate the pressure-induced bcc-hcp
transition in iron from a local structural perspective. Our measurements of the associated lattice constants show
a structurally distorted hcp phase with an anomalously largeratio during the transition as reported by
previous x-ray-diffraction measurements. We have also observed a structurally distorted bcc phase with an
anomalously large lattice constant during the transition. These anomalies are attributed to interfacial strain
between the bce and hep phases. A transition model based on lattice shearing movements and occurrence of an
intermediate fcc structure is consistent with our data and previous rd0s63-18208)04210-9

[. INTRODUCTION haviors of the hcp phase can reveal needs more study.
X-ray diffraction, which detects long-range order in a

Since the discovery of the iron bcc to hep phase transitiorgrystal, was used by almost all previous researchers to study
at 13.0 GPa by Bancrofit al. in 19561 a wealth of knowl-  this transition. In the present work we used the x-ray-
edge has been gained on this transition and the hcp iro@bsorption fine-structuréXAFS) technique so that we could
phase through numerous studfe® The transition starts at Study the iron bce-hep transition from the local structural
13.0 GPa, and is very sluggish, usually spanning a pressugandpoint. This paper is a followup to an earlier report on
range of about 8.0 GPa within which the bce and hep phaseiis project?
coexist. This transition has a large hysteresis; in some cases,
the reverse transformation does not finish until 5.0 &Pa. Il. EXPERIMENTAL
This transition is an athermal process, in that the amount of
the new phase does not change as a function of time, but XAFS spectra in the standard transmission mode were
rather as a function of pressure. It has been argued that thigeasured at a wiggler side-station at the Stanford Synchro-
transition is martensitic based upon its highly hysteretic andron Radiation LaboratorySSRL). Diamond-anvil cells were
athermal nature, and upon the irregular shape of the boundot used in this experiment because Bragg peaks from the
ary between the Coexisting iron bCC and hcp phaseS. diamond Single CrySta|S diSI’upt XAFS data, and because dia'

One aspect of this transition, however, is still not well mond anvils are very absorbing at the iréredge x-ray
understood. Several grodps’ have reported different lat- €nergies(~7 keV). Instead, sintered boron carbide anvils
tice constants for the hcp phase during the transition, yet th&/ere used to generate the high pressure, with the x-ray beam
results above the transition agrésee Fig. 1 Mao et al?
found a similarc/a ratio during the transition and after the
transition, while Jephcoat al® observed a smallay/a ratio
during the transition, At the same time, Bassett and HBiang

1.660 -
and Huanget al” found a much largec/a ratio during the

transition. In the latter work,significant changes of the/a
ratio during the transition at different temperatures were {40
found.

The experiments were carried out under different time
scales and in high-pressure environments with different de-§ 1620 |- .
grees of hydrostaticity. In Ref. 2, no pressure transmitting
medium was reported and the pressure was held constant fc
several hundred hours to relax the system after each pressu 1600 | 1
change. In Ref. 5, argon and neon were used as as pressu

transmitting medium and the system permitted to relax for 24 ©—@Bassett (1987)
h after each pressure increase. Measurements in both Refs. 1580 | & Jephcoat (1986) 1
A—A Mao (1967)

and 5 lasted 100 h at each pressure. In Ref. 6, no pressul
transmitting medium was used and measurements were take
just a few minutes after each pressure change. Similar ex 1560 100 ' 150 200
periments were reported in Ref. 7, at four different tempera- ’ ’ ' ’
tures. Measurements lasted lessthiah inboth Refs. 6 and

7. How the different experimental conditions can affect the F|G. 1. Thec/a ratios from the present workempty circles
observed structure of the hcp phase during the transition angbmpared with previous studies. Typical error bars from the present
what aspects of the transition mechanism these different bevork are indicated.

G—>0this study

Pressure (GPa)
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TABLE I. XAFS fitting results corresponding to increasing prességgis the Debye temperatureﬁ is
the 2 of the first shell obtained via the Debye model; % is the number percentage of the bcc phase.
Quantities without error estimations are set values instead of fitting results.

Pressure bcec hcp

(GPg  a(A) 6X°(K) ¢?(102A?%) % a (A) cla 6P (K) o2 (10°2A?
0.0 2.8591) 41811 5.92) 100

5.6 2.8303) 41910 5.82) 100

9.1 2.8163) 43312 5.52) 100

10.5 2.81(3) 42812 5.6(2) 100

11.1 2.8042) 45013 5.1(2) 100

13.0 2.8043) 45619 5.03) 86(2) 2.40811) 1.66728) 481(20) 4.602)
135 2.8043) 4426) 5.32) 80(2) 2.42610) 1.63421) 48320) 4.6(2)
13.8 2.7993) 436(10) 5.4(2) 60(2) 2.4535) 1.60110) 484(20) 4.6(2)
14.0 2.7993) 421(10) 5.8(2) 50(2) 2.4464) 1.6047) 484(20) 4.6(2)

150  2.8106) 391(15) 6.6(3) 352) 2.4493) 1.6005) 487(20) 4.502)
16.2  2.8389) 38229 6.98) 21(3) 2.4482) 1.6035) 490(20) 4.502)
165  2.8649) 480700  4.51.8  122) 2.4483) 1.5984) 491(20) 4.52)
18.6  2.87011) 465700  4.81.8 102 2.4492) 1.5983) 497(20) 4.42)

along the axis. Such anvils do not produce disruptive Bragdhe correlated Debye model was uSelf to calculate the
peaks and also are less absorbing than diamond. The expeniean-square deviationsf) in the length of the scattering
mental details of this method have been describegaths.
elsewheré. For this experiment, the tips of the anvils were  Two Debye temperatureg{) were used to calculate the
1.5 mm in diameter. Samples were contained in a 0.4 mna?'s for scattering paths in bcc phase and hcp phase sepa-
thick, 1.0 mm wide hole in a gasket of Inconel 601. Foils ofrately, and were also allowed to vary with pressure. Fitting
iron and copper, eachyam thick, were sandwiched between results fordp, for both phases and derivatf’s of the first
two epoxy pellets and loaded into the gasket. The XAFSatomic shell are listed in Tables | and Il for loading and
spectra of the copper foil were used for pressure calibratiomnloading processe#,, of the bcc phase decreases consid-
while the epoxy pellets served as a quasihydrostatic pressuegably during the transition reflecting increase of local struc-
medium. XAFS spectra were collected on both the pressurtural disorder, while that of the hcp phase changes slowly
raising and the pressure releasing processes. Three XAFfhd almost linearly with pressurép of the hcp phase was
scans at the iroi edge and two scans at the coppeedge  set at fixed values according to results of a linear regression
were taken at each pressure. of 6p versus pressure data obtained from preliminary analy-
Because there was a small amount of iron impurity in thesis. The values of); of the hcp phase listed in Tables | and
boron carbide anvils, the measured XAFS spectra consistedl are the results of this linear regression instead of direct
of an admixture of iron spectra from both the sample anditting of data.
iron in the anvils. To correct for this effect, iron impurity  The copperK-edge XAFS spectra were fitted using a
spectra were measured separately at ambient pressure, wigimilar method, and the lattice constant of copper was ex-
out the sample, and subtracted from the measured XAF&acted and used to compute the sample pressure according to
spectra to obtain spectra for the sample, itself. The correctegublished pressure-versus-volume ddta.
iron XAFS spectra at ambient pressure agree well with that
of a standard iron foil outside of the pressure cell. Since we IIl. RESULTS
found there was negligible pressure effect on impurity spec-
tra within our experimental pressure range, we made the XAFS spectra of iron at three different pressures are
same correction to the measured XAFS spectra at the othshown in Fig. 2. Considerable changes caused by the transi-
pressure§. tion can be seen. These changes can be identified and ana-
The XAFS data were analyzed using prografasFéand  lyzed more easily by studying the Fourier transforms of the
FEFFIT from the uwxars package® 2 A superposition of ~XAFS spectra, which closely relate to the radial distribution
single and multiple scattering paths was used to calculatiunction about the absorbing atoms. Such Fourier transforms
theoretical XAFS spectra generated for a cluster of iron atef the data together with theoretical fits, at the beginning, the
oms of six A radius. Theoretical XAFS spectra were thenmiddle and near the end of the bcc-hep transition are shown
compared with experimental data, and structural informationn Fig. 3. The profile of these Fourier transforms changes
of this cluster was extracted. Local structure of the ironsignificantly during the course of the transition, indicating
sample was modeled with bcc structure before the transitiorthe significant local structural changes that take place during
and with an admixture of bcc and hcp structures once théhe transition. Structural information was extracted from
transition started. A total of six single scattering paths and 18hese XAFS spectra using analysis methods discussed in the
double scattering paths were used to construct our model fgrevious section. Numerical results from fits corresponding
the bcc phase, while seven single scattering paths and 28 both increasing and decreasing pressures are listed in
double scattering paths were used to model the hcp phas€ables | and Il, respectively.
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TABLE Il. XAFS fitting results corresponding to decreasing pressaéges the Debye temperatureﬁ is
the o of the first shell obtained via Debye model; % is the number percentage of the bcc phase. Quantities
without error estimations are set values instead of fitting results.

Pressure bcc hcp

(GPa  a(A) (K ¢?(102RA%) % a(A) cla 6hP (K) o2 (1072 A?)
18.6  2.87214) 39454 6.51.5 13(3) 2.4493) 1.5954) 49720 4.43)
17.5  2.87237) 27454 13.01.5 17(4) 2.4635) 1.6016) 49420 4.43)
16.5 2918400 26750 13.81.9 17(4) 2.4635) 1.6046) 491(20) 4.53)
16.2  2.87731) 27545 12.91.2) 194) 2.4655) 1.6037) 49020) 4.503)
14.0  2.84428) 30248 10.91.2) 20(5) 2.4686) 1.6078) 48420 4.6(3)
12.1  2.84431) 27644 12.91.2) 23(5) 2.4766) 1.6079) 47920 4.7(3)
11.6  2.86420) 300(34) 10.98) 24(4) 2.4805) 1.6048) 47720 4.7(3)
11.4  2.87911) 36536) 7.58) 193) 2.4774) 1.6016) 47720 4.7(3)
10.5 2.8306) 381(17) 6.94) 37(3) 2.4745) 1.607M8) 47420 4.8(3)
10.2 2.8163) 41511 5.92) 62(3) 2.4767) 1.59813) 47420 4.83)
8.9 2.8163) 41398 6.012) 86(3) 2.4859) 1.604 47020) 4.83)
6.6 2.8306) 38924 6.7(4) 100

6.0 2.8336) 377(16) 7.12) 100

1.9 2.85311) 366(36) 7.5(6) 100
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The fraction of the bcc phase during increasing and dereaches larger and more stable values as the transition
creasing pressure is shown in Fig. 4. The large hysteresis aqtogresses. We observe a similarly anomalous effect in the
phase coexistence range are evident. The bcc phase persigiice constant. It is quite large at the initial stage of the
until over 18.6 GPa, the highest pressure of our experimenfprward transition and levels off to smaller and more stable
while the hcp phase persists until below 8.0 GPa, the finalalues as the transition progresses. In Fig. 1, we show the
data point during the reverse transition. This is consistent/a ratios obtained in this study plotted against those of the
with Ref. 6 which reported the hcp phase to persist as low agrevious reports. We observe a largia ratio of the hcp

5 GPa.

The lattice constanta andc for the hcp phase as a func-
tion of pressure are shown in Fig. 5. The values that we find
are similar to those of Ref. 6. We observe that the lattice
constanta of the hcp phase during the forward transition is
guite small at initial stages of the transition and quickly
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FIG. 2. TypicalK-edge XAFS spectrg(k) of iron at different
pressures. The bcc-hcp transition region at pressures higher th&rogressive changes in the radial distribution function as the bcc-
hcp transition proceeds are evident.

13.0 GPa is evident.
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FIG. 3. Typical Fourier transforms of the iron XAFS spectra
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FIG. 6. Lattice constant of the bcc phase as function of pressure.
FIG. 4. Relative abundance of the iron bcc phase during the-illed (open circles correspond to increasifdecreasingpressure.
bce-hep transition. Filledopen circles correspond to increasing Typical error bars are indicated.
(decreasingpressure.
IV. DISCUSSION: PHASE TRANSITION MECHANISMS

phase at the beginning of the transition, and an almost con- According to the discussion in the previous section, the
stant value of 1.604 as the transition continues, which agreqﬁ:p phase behaves anoma|ous|y in the initial stage of the
qualitatively with the results of Ref. 6. The lattice constant offorward transition, while the bec phase behaves anomalously
the bce phase is plotted in Fig. 6. It is observed to increasg the final stages. We conclude that the lattice constants of
significantly near the end of the forward transition, and stayeach phase behave anomalously only when their relative
relatively large upon release of pressure, only returning tgmount is minimal. This kind of behavior suggests that the
normal value when the reverse transition almost completelphserved anomalous structures during the transition are very
finishes. This anomalous behavior of the bcc lattice constanikely caused by the interfacial strains between the two
observed in this study has not been reported previously anghases. These distorted structures only become measurable
underscores the ability of XAFS to probe local structure. when the fraction of the interfacial regions becomes signifi-
cant compared to that of the bulk of either minority phase.

' — — Understanding the mechanism of the transition and such in-
405 | i terfaces will shed light on the cause of these structural
anomalies. By the same token, knowledge of these distorted
400 ] structures will help us to differentiate plausible transition
= 05 ] mechanisms from implausible ones.
o The iron bcc-hep transition is a martensitic or displacive
390 1 transition. During such a transition, the newly formed mar-
tensitic phasdin this case, hcpis derived from the parent
3.85 . : ) .
phasegbcg via collective shear movements of atomic planes.
3.80 One important characteristic of such transitions is that the
martensitic phase has a unique crystallographic orientation
250 ] relationship with its parent phase. For example, in the case of
the temperature-driven iron fcc-bcc martensitic transition,
og 245 ] the following relations_hips _were found to be true:
s (111).JI(011),c and [101]¢dI[111]pce, Which are the so-
called Kurdjumov-Sachs relation3.We shall name lattice
240 ] planes, such as (11]) and (011).., which are parallel to
each other during the transition, the “conjugate” planes of
235 e EEEE— the transition.
80 180 180 Another associated characteristic of martensitic transi-
Pressure (GPa)

tions is that, in most cases, the martensitic phase has
FIG. 5. Lattice constanta andc of the hcp phase as a function uniquely oriented coherent interfaces with its parent phase.

of pressure. Filledopen circles correspond to increasiidecreas- Coherent interfaces have similar or identical atomic arrange-

ing) pressure. Typical error bars are indicated. ments in parent and martensitic phases, and hence, have
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Xp [rmmsmom=bees dmmmmmmmme- i FIG. 8. Model | suggests a two-step proce@s:— (b) — (c)
- for the iron bce-hcep transition, whefe) and(c) are projected views
: : from the[110]/[000]] direction of the bcc and hcp structure, and
(b) is that of an intermediate structure obtained by compredsing
P P! along the[001] and stretchinga) along the[ 110] direction.

FIG. 7. HypOthet'Ca.l .hyStere.S'.S loops of mismatching base Vecblanes predicted by these models. Evolution of the base vec-
tors during a martensitic transitiorXp from the parental phase . .
tors of the interface planes from bcc to hcp phase and back is

(dashed lingsand X, from the martensitic phasgolid lines. Pg . : L . .
and Pf1 are the starting and finishing pressures of the forward mar-exammed, to see if they exhibit the.hys.tereSIS behaviar of
coherent interface planes as shown in Fig. 7.

tensitic transition, whiléPy andP} are that of the reverse transition.

small or no interface strain. One can use two noncollinear A. Model |

lattice vectors in the interface planes, which we shall name We first describe the model proposed in Refs. 2 and 6,
“base” vectors, to characterize their structure. If the inter-which is pictured as a two-step process leading from the bcc
face planes are not identical in the two phases, one or both afructure to the hcp structursee Fig. 8. Firstly, the bcc
the base vectors in one phase will be different from that ofattice contracts along tH@01] direction, and expands along
the other phase. If both phases have significant presence {Re[110] direction so that th¢110) planes become hexago-
the system, interface effects will not be important and ON&yally arranged atomic planes corresponding to (602
should be able to measure one or both of the undistorted baﬁi’anes in the hcp phase. Secondly, every otid) plane
vectors of the two phases that are different from each Others'hifts toward the[110] direction while the interplane dis-
If however, either martensitic or parent phase has only . ;

- . L .Tanced(llo) is unchanged. In this model, there are three
minimal presence in the system, then the minority phase wil ; . -

ets of conjugate planes during the transitiofA)

be distorted in a way to match the other phase, and hav — — _ _
intermediate base vector dimensions between that of the uf902)cd|(2110)hep;  (B)  (110)4ed[(0110)ep;  and (C)

distorted martensitic and parent phases. During a martensitid-10)cd (0002),,. Only sets (A) and (B) have similar
transition, the martensitic phase will develop from minimal &omic arrangement in the two structures, and will be con-
to significant and finally to dominant presence in the systemSidered as possible interface planes. In(settwo orthogo-
and the measured base vectors of martensitic phase and p8al base vectorXp.c, Y can be found for (002). planes
ent phase will change accordingly due to interfacial straiin the bcc phase, while corresponding base veckys,
effects. Figure 7 shows a hypothetical evolution of one pairY e, can be found for (210),., planes in the hcp phase. The
of base vectors during a martensitic transition, which exhib-actual directions and lengths of these base vectors are listed
its overlapping hysteresis loops. One looks for this kind ofin Table Ill. Sinced(110) is invariant during the transition in
behavior as a signature of coherent interfacial strain during ¢his model, base vectorX,,.. and Xy, should not change
martensitic transition. during the transition. The evolution &f,.. and X, is plot-

The complex morphology of martensitic transitions makested in Fig. 9a). We observe changes Xy and Xp,q, while
the task of identifying and studying the interfaces during thewe expect them to be invariant through the transition. The
transition very difficult especially under high pressure envi-other pair of base vectoh,.. andY,, are different in mag-
ronment. A forming martensitic phase from temperaturenitude. Their evolution versus pressure is plotted in Fig).9
guenching could take the shape of plates, needles, or bambdastead of the expected fully overlapping hysteresis as shown
leaves depending on chemical composition, such as the cair Fig. 7, we observe that the two hysteresis loops hardly
bon concentration in the steel, or on the experimental condieverlap. Therefore the evolution of both base vectors of con-
tion, such as the temperature quenching rate. It is observgdgate planegA) does not give the signature of structural
that conjugate planes of a martensitic transition are very ofelistortion caused by interfacial strain. We find the same to be
ten also the interface planes of the transiti®nVithout
knowing the exact morphology of the iron bce-hep transition,  tagLE 11, Base vectors of conjugate planes (003110).
we limit ourselves to only considering conjugate planes of

the transition as possible interface planes between bcc and Xpece Yoce Xnep Yiep

hcp phases. — — — —
In the following subsections three possible transitionDirection  [110] [110] [000L/[110] [0110)/[110]

models for the iron bcc-hep transition are discussed. Possibleength d(110) 2d(110) d(0002) 2d(0110)

interface planes will be selected from the various conjugate
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= FIG. 10. Model Il suggests a two-step process.— (b) — (c)
> 245 1 for the iron bce-hep transition; model Il suggests a three-step pro-

cessi(a) — (b) — (d) — (e)/(c) for the the same transitiofa) and
(c) are projected views from thel 10]/[ 0001] direction of bcc and
hcp structure, whilgb) is that of an intermediate structure during
the bce-hep transition obtained by shearing o2} planes along
the [111] direction; (d) and (e) are projected views from the
FIG. 9. (a) and(b) are hysteresis loops for base vectors of con-[2110] direction, where(d) is an intermediate fcc phase obtained
jugate planes (002)d|(2110),, in model I; (a) and(c) are hyster- ~ from (b) by shearing of (11)9(0001) planes along the110] di-
esis loops for base vectors of conjugate plafiesl],.J[[1120],,,  ection, ande) is the hcp structure obtained frof) by slipping of
in model I1. The circles represent the bce phase while the diamond®vo (0001) and (0002) planes togettigrdicated by arrowsalong
represent the hcp phase. Filled circles and diamonds and solid lingke [0110] direction. (c) and (e) are the same hcp structure view
correspond to increasing pressure while empty circles or diamondsom two different directions. Note the angle betwd@®1] and
and dashed lines correspond to decreasing pressure. [21’1] is 185° instead of 180°.

00 50 00 150 200

Pressure (GPa)

true of conjugate planegB). Thus our simplified methods of model I. The second step of model Il is the same as that of
described in this section and based on the assumptions 8todel |, except for the direction of the shifting relative to the
model I, do not enable us to find interface planes and corredcC lattice. We can identify two sets of conjugate planes
sponding interfacial structural distortion compatible with thefrom model 1l: (A) (112),.d|(1100),,, and (B)
anomalous behavior we observed during the transition. (110)bC(J|(0002)mp. Of these two sets, onlgA) has similar
atomic arrangements in the two phases, and will be consid-
ered as a candidate for the interface planes. As in the discus-
sion of model I, two orthogonal base vectofg., Ype in
Another mechanism, model Il, was proposed by Burgerghe (112),.. planes in the bcc phase and the corresponding
for the bce-hep transition of zirconium upon quenching fromvectorsxhcp, Yiep fOr (1100),, planes in the hcp phase

?{gh. tempe:jathurf._ SevEraI Otthhert meta:csl; Suﬁh as I|ih|urqz need be considered. The directions and lengths of these base
tanium, ana | aI}]Snlum, ave this type ot bec-NCp MarensitiQ,q o5 gre listed in Table IV. The evolution of base vectors
phase_ transition. In each case the following crystallo- bec ANd Xy, is the same as plotted in Fig(é, because the
graphic orientation relationships between the bec an (110),cis kept constant during the transition as in model I.

the hc hases were found: (1 0002 and —
PP (13 hep Therefore (112),cd|(1100),, interfacial planes could not

1117, J[1120],.. They are very likely following the :
[samé]bf\ﬂg-step]h;;?ocessyas proposy8d byyBquéémst?ans— translate the observed structural anomalyXig,c and Xy
directions into an interfacial strain-driven structural distor-

forming from the bce to hep structuteee Fig. 10 The first tion. In contrast the evolution of base vectdfg.c and Yy,

step involves a shearing toward th&11] direction and yersus pressure, as shown in Figc)9 yields the desired
along the (1.2) plane, so thatl10) planes can be changed to fully overlapping hysteresis loops. These findings mean that
hexagonally arranged atomic planes which correspond talthough model Il is not able to explain the anomalously
(0002 planes. In the second step every otli#t0 plane

shifts in the[ 0110] direction, while keeping the (110) inter- ~ TABLE IV. Base vectors of conjugate planesl)|(1100).

plane distance unchanged. The result of the first step of this
model is the same as that of model | except the lattice is Xpee Ybee Xnep Yhep
rotated by approximately 5°. Because martensitic transitions,; _ .. —— T
are usually driven by collective shear movements of IatticeB"reCtlon (110 q111)  [000T110]  [1120]/[111]
planes, we believe the shearing process of model Il to p&enath d(110) @abcc d(0002) 8nep
more plausible than the compressing and stretching process 2

B. Model Il
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large ¢ at the beginning of the transition, it is neverthelesssumes its normal value. Higher thermal energy may enable
able to predict both the correct amount of reductioraadf  the system to more easily overcome the energy barrier be-
the hcp structure at the beginning of the transition as well asveen a metastable fcc phase and stable hcp phase or to get
the correct amount of increase @of the bcc phase near the rid of structurally distorting interfaces, hence making the
end of the transition. Model Il therefore allows us to identify metastable structure less observable.

interface planes that are consistent with the anomalous be- |t js interesting that in Ref. 7 at even higher temperature
havior of the lattice constat of the bcc and hep phases, via (450 °C), thec/a ratio was again found to become anoma-
interfacial strain, but not with lattice constaatof the hcp  ously large. This also supports the existence of a metastable

phase. fcc phase during the bee-hep transition. Since fcc iron itself
becomes stable above 500°C at the transition pressure, a

C. Model Il metastable fcc phase will become more stable as the tem-
Model Ill is a three-step process, also proposed b>perature approaches 500 °C, making the energy barrier to the

Burgers!* as an alternative mechanism for the zirconiumStable hcp phase higher. This effect could make a metastable

bce-hep transitior(see Fig. 10 The first step is similar to fcc phase observable again at 450°C_, which is very close to
the first step in model Il. However for the second step arjts stable temperature. Hence the existence of a metastable
intermediate fcc structure is first obtained by shearing in thdcC Phase during the transition could explain the reverse of

[OTlO]hCp direction along the (11@). plane. This is fol- the decreaks].inrg]] trend bOf the{ja. ratiof as tempefrature in-
lowed by a third step in which the fcc structure is converted®'€ases, which was observed in Ref. 7. In Ref. 5 were re-
to hep structure by a slipping of pairs of (110)-type planes inPorted normakt values and larga values which resulted in

the[OlTO] direction. Instead of going directly from the bcc smaltlerp/a rgtlos. fThéS ?fgea clan be ?xrf)lame: by an 6|‘r99'
to hcp phase, this model thus requires that the bce phase firdent given in Ret. ©. 1he volume of hcp phase nuciel 1s

transform to the fcc phase followed by a further transforma—reduced after transforming from bce phase; the void gener-

tion to the hcp phase. Even though there is an extra phasaéed k_)y this_transition cannot be effectively filled by sur-
and an extra step in this model, the whole transition proces&unding grains of bee phase because of a dome effect under
consists of shearing and slipping movements, which are Verk;;otroplc strr—_zss, therefore,_the eventual V(_)Iume of these hcp
common in martensitic transitions, compared with the lesPhase nuclei tend to be a little larger than its usual volume at
energetically favorable shifting of alternate plane movementéhe nominal pressure. The lattice constawif the hcp nuclei
in models | and Il. We therefore believe model 1ll is more is fixed by interfacing with the bcc phase. The net result
favorable from a physical standpoint. would be a larger than usual lattice constant

In model Ill, after a small quantity of the bcc phase trans-
forms to the fcc phase, it is possible that lattice matching
between bcc and fcc phase makes the fcc phase metastable, V. SUMMARY
so that the next step of the transition could not proceed with-

out add_itional pressure or a long waiting time. If such a \ye have reported XAFS studies of the iron bce-hep tran-
system is measured and interpreted astimp, a larger 1at-  gjion finding similar lattice constants for the hcp phase as
tice constant would be detected because the fcc structurey o qiffraction study in Ref. 6. We have also found an

has the same/a ratio, 1.633, as an ideal hcp whereas the
normal c/a ratio for pure hcp iron is 1.604. The/a ratio
reported in Ref. 6, and which we also find, is close to 1.63
at beginning of the transitiofisee Fig. ], supporting the

anomalously large lattice constant for the iron bcc phase
é/vhen the relative amount becomes less than approximately
10%. Several transition mechanisms have been considered in
possibility of a metastable fcc structure. In conclusion,WhiCh interfacial strain between the bcc and the hcp phases

model Il not only yields an energetically preferable route a7 €xplain the anomalous value of the lattice constaimt
from the bcc structure to hcep, it also is able to explain bothbo'[h bcq anql hep structure. We al_so suggest that a transition
the largerc value and the smallea value observed in the mechanism involving an intermediate f.CC phase may explain
hcp phase in Ref. 6 and the present work the anomalously large value of the lattice constapin the

hcp structure during the transition. These anomalous lattice
constants are apparently only observed in experiments in
D. Conclusions which the measurements are made shortly after the pressure

Of the experiments mentioned in the Introduction that re-change.
ported different hcp lattice constant behavior during the tran-
sition under different experimental conditions, the present
study and Ref. 6 both observe an anomalously lar(ge ACKNOWLEDGMENTS
ratio. It is possible that the structural anomalies observed in
these two experiments are metastable structures, such as anThis work was supported by U.S. Department of Energy
intermediate fcc phase or structurally distorted interfacesGrant No. DE-F606-84ER45163. SSRL is supported by the
which disappear after a long enough waiting period. Thed.S. Department of Energy and the National Institutes of
experiments that used long waiting times would not be exHealth. We thank J. J. Rehr and M. Newuville for letting us
pected to be able to observe this anomaly. use their codesserr and FEFFIT. We also thank D. E. Cro-
As reported in Ref. 7, the anomalously largéa ratio  zier, B. Houser, J. Freund, S. Kelly, and B. Ravel for their
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