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Neutron-diffraction investigation of structural changes during inverse melting of TiysCrgg

W. Sinkler} C. Michaelsen, and R. Bormann
GKSS Research Center, Institute for Materials Research, 21502 Geesthacht, Germany

D. Spilsbury and N. Cowlam
Department of Physics, University of Sheffield, Sheffield, S3 7RH, United Kingdom
(Received 2 August 1996

The inverse-melted amorphous phase qtCiss, as well as the precursor bec phase has been investigated
using neutron scattering. An increase in chemical short-range ¢@®RO, which involves primarily a
differentiation of Ti and Cr sites in the alloy is detected, in line with expectations based on a decrease in the
entropy which accompanies the crystalline to amorphotis-a) transformation. The CSRO in the amorphous
phase shows a weak preference for unlike neighbor pairs. The neutron data indicate that similarities exist
between the local structure of the inverse melted amorphous phase and thd.@#€s compound. These
similarities are indicative of topological medium-range or@dRO) in the amorphous phase which resembles
that of the Laves compounfiS0163-18207)03105-4

[. INTRODUCTION point of view, because the crystal is topologically long-range
ordered, whereas the amorphous phase is not and thus might

Inverse melting transformations have recently been rebe expected to have the higher entropy. The second question
ported in a number of binary bec alloys based on the earlys Why the bce phase is actually formed in the ball mill, in
transition metals Ti, Nb, Zr, and Ta with later transition met-spite of the fact that the Gibbs energy of the amorphous
als from groups V or VI In inverse melting, a metastable Phase is lowelsee Fig. 1 A unified answer to both these
supersaturated alloy transforms polymorphously to the amoiduestions has been propo&avhich is based on differing
phous, or undercooled liquid state. This transformation iglegrees of chemical short-range or@@8RQ in the bce and
thus like melting, except that the resulting phase is the un@morphous phases. In concentrated Ti-Cr alloys it is found
dercooled liquid or an amorphous phase near the glass terflat processing which tends to strongly d|sorde_r,l|nclud|ng
perature Ty), as opposed to the high-temperature equilib-00th ball milling and also low-temperature fortt and
rium melt. In contrast to normal melting, which is an electront? irradiation, Iea_d to formgtlon of a bcc phase. This
endothermic transformation, inverse melting is exothermicuggests that the relative stability of bcc and amorphous
and results in a phase which has both a lower ent®@g phases is sensitive to the degree of CSRO, with the bcc
well as lower enthalpy than the crystalline precursdiig- ~ Phase being more stable than amorphous when the degree of
ure 1 shows a metastable phase diagram of the Ti-CESROis 's.mallll. Only when the CSRO is allowed to increase
systemt calculated using the Calphad mettbth the dia- 10 itS equilibrium value for both bcc and amorphous phases
gram, only bec, liquid T>T,), and amorphous phases does the amorphous phase become more staple than the bcc
(T<T,) are considered. As can be seen, the highphase, as reflgcted in the me.tastable phase_ dlagrarr_]. _
temperature liquid and low-temperature amorphous phase Thesg conS|derat|ons. are |IIustr§ted in Fig. 2, which is a
fields are separated by a region of complete solid miscibilityschematic plot of the Gibbs energies of the bcc and amor-
in the bcc phase. Based on the occurrence of a congrueRfiOUS phases versus a CSRO parametéine plot explains
amorphous to bce transformation in metastable equilibriunfchematically how the relative stability depends on the pro-
at 55 at. % Cr and 746 °C, the low-temperature amorphou§€SSing conditions, which may be va_ru_ad to produce_ either
phase must have both a lower entropy as well as a lowdhe bcc or amorphous phase. The validity of the plot is sup-
enthalpy than the bcc phase.

The existence of a low-temperature amorphous phase
field in Fig. 1 indicates that if the bcc phase can be obtained
at low temperature within the amorphous phase field, it will
be unstable with respect to the amorphous phase, and can
thus transform to the amorphous phase. Using ball milling in
a planetary mill, homogeneous bcc phases have been pro-

bece ]

duced at compositions 0s&,<0.65 in the Ti-Cr systerh. i ]

Alloys with 55 at. % Cr were found to undergo a polymor- am. b
phousc-to-a transformation on heat treatmérity agreement

60 80 10

with the predictions of the metastable phase diagram. 0 20 20

These results raise two fundamental questions: The first is Cr concentration [at%]
how the amorphous phase can have a lower entropy than the
crystalline bcc phase. This is surprising from a structural FIG. 1. Metastable phase diagram for the Ti-Cr sys(Ref. 1).
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A to the total structure factoB(Q) as I {Q)=(b*S(Q),
where(b?) is the mean-square nuclear scattering length. Ac-
cording to the work of Bhatia and Thorntdfthe totalS(Q)

may be split into three partial structure factors. This results
in

- amorphous

ot Q) =(b)?Sun(Q) + (b= b2)*Scc(Q)

0.0 W/ neq o +2(b)(b;—b2)Syc(Q), (1)

FIG. 2. Schematic plot of the Gibbs energy vs a CSRO paramwhere b; is the neutron-scattering length of element
eter for systems exhibiting inverse melting, is the(metastable ~ Syy(Q) is a partial structure factor related to spatial fluctua-
equilibrium value ofy for the phase in question. At low, the bcc  tions in the number density of the atoms, regardless of spe-
phase is more stable than the amorphous phase, as demonstratedciys, S-~(Q) is related to fluctuations in the distributions of
irradiation and ball-milling experiments. When short-range order isthe two chemical species in the alloy, a8g¢-(Q) is related
allowed to develop, as in annealing experiments, the amorphoug) correlations between number density and chemical distri-
phase becomes more stable due to the stronger dependence of $\gtion fluctuations. From Ed1), the weighting factors for

amorphous free energy on CSRO than is the case for the bce phasgie contributions of the partial structure factors to the total
This permits the occurrence ofcato-a transformation. S(Q) are

ported by the fact that the amorphous phase produced by
inverse melting can be remilled to again form a bcc pHase.

The plot also explains why alloys which for2 phases _(b)? _(by—by)? and
generally do not undergo inverse meltfhin the case 082 wNN_<b % @wee™ (b?

ordering, the chemical order may increase without a topo-
logical deviation from the bcc lattice. Clearly, a substantial
energy reduction, which occurs effectively within the bcc 2(b)(b;—b,)
phase, would reduce the energy available for transformation = 1 =2
to the amorphous state. Thus the possibility of substantially
reducing the energy within the bcc phase, for instance, via a
B2-like CSRO would result in the absence of a crossin . . .
point of the Gibbs energy curves of the bcc and amorphoggOr a TiCrss alloy, using Ti as component 1 and Cr as
phases in Fig. 2. This indicates that CSRO on the bcc lattic§omponent 2 results inoyy=0.0163, wcc=3.9745, and
must be limited:* and that energy reduction via CSRO must @nc=—0.5057. Using expressions for the partial structure
be coupled with substantial strain from the bcc topology, infactors from Bhatia and Thorntdf,one obtains the reduced
alloys which undergo inverse melting. radial distribution functiorG(r) as

The possibility of pronounced CSRO lending stability to
the amorphous phase is supported by previous studies which
confirm that amorphous metallic alloys often exhibit — G(r)=4mpor{(wnnXe+ 0ccXiX5+ wncXaXa)Pra(r)
CSROY™ ! Nevertheless, while the argument based on

ONCT Ty @

CSRO is convincing and explains the observed transforma- + (OGO XPG— ONX1X5) PoolT)
tions well, it has to date lacked direct experimental verifica- 2 2
tion. Near-equiatomic alloys of Ti-Cr offer a unique oppor- +H[2onX1 X~ 2ZoccXiX;

tunity for measuring CSRO using neutron scattering, because
their average scattering length for neutrons is very small.
Because of this, neutron diffraction is particularly sensitive

to CSRO at the TECrss alloy composition, for which the i \yhich p is the number density of atoms in the samplg,

polymorphousc-to-a transformation is observed. This has 504y are the atomic fractions of Ti and Cr, respectively,
been utilized previously to study CSRO in bulk-quenched,\p" 1) is a pair probability fora-3 pairs at a distance,

and annealed Ti-Cr alloy$.An additional motivation for the normgﬁzed to equal one at large

study 'S simply to pr?lwde sr(]ensmve Ztructéjrgl [nformatlon In the case of a binary solid solution with a simple struc-
concerning an amorphous phase produced by inverse melt- . \ :

ing, in order to determine how it compares structurally tokureOks)u?:alzlis ttr)g:'s;r?]lgr:‘kc))(r)rbz?r?"eslecrign?se i?we'g]neeiavr\;]hl(lzg zlarr]e
other amorphous metals. In the present work, ball-milled andepologically pie.
subsequently heat treated,Jirss alloys have been investi- this case,bthe EOW'GBS‘V!?WET s?orrtréange order parr(]a\meter,
gated using diffuse neutron scattering, in order to provide® can be obtained directly fronG(r), except when
structural information and to measure the development oP1~b2. Averaged over the atoms of thgth coordination

CSRO in the course of inverse melting. shell, « is given by

+ oncX1Xo(Xo— X1) JP1(1) — onn} 3

IIl. NEUTRON-DIFFRACTION THEORY
Ny

In a neutron-scattering experiment the coherently scat- ap,=1 ,
XoNp,

4
tered intensity per atorhy,(Q) for a binary alloy is related
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in which N,; is the number of 2 atoms in thpth shell — T ' -
around central 1 atoms, averaged over all 1 atoms in the
sample, anah,, is the total number of atoms in tiph neigh- a) MA Tig5Crs5 (150 h)
bor shell. If one considers that the average number of atoms - .
of type « in the pth shell around centrgs atoms is E A SN
-
g b) MA Tiy5Crgg (150 h), heat treated to 650°C
Naﬁ=f 472X, P o p(r)dr. (5) 3 |
pth shell =z A
‘® et ANt s soarrors P
c
Then, usingP,(r)=P,(r) andN;,=(X;/X,)N,; one finds £
from Eqgs.(3)—(5) ¢) MM Tiy5Crgs (90 h)
AN AN
— r[G(r)+ onyndmpor 1dr 30 40 50 60 70 80 90
Np Jpth shell 20,(deg)
:ap(wCCX1X2+ZwNCXiXZ)_l"’)NN- (6) FIG. 3. CK, x-ray-diffractometer traces for MA and MM

TissCrss (tracesa andc), as well as inverse melted jECrss (trace

to be determined directly from an experimen- b). The arrow inb points to a smal(113) C15 reflection, which is
just visible superimposed on the first amorphous halo. The powder
for traceb was produced by heating the traaepowder to a tem-

Operature of 650 °C in a calorimeter at 20 K/min.

This allowse,
tal G(r) when wc( is sufficiently large, as in the present
case.

In binary amorphous alloys, the coordinations of the tw
atom types are in general different. Because of this, a single
parameter is not sufficient to fully describe the state of A heat treatment of the MA powder was performed in
chemical order. Equatio(®) is nevertheless still valid for a order to produce the amorphous phase. The powder was
given range ofr, and one can combine this with E() to  heated at 20 K/min to 650 °C in a Netzsch DSC 404 calo-
obtain rimeter under flowing argor(99.9999% argon Impurity
analysis of the amorphous phase indicated 2200 wt. ppm O
and 730 wt. ppm N.

Figure 3 shows CuiKx-ray diffractometer traces of the
milled nanocrystalline bcc MAtracea) and MM (tracec)
powders, as well as of the amorphized MA pow(eaceb).

The as-milled MA powder still contains some undissolved
+(wnnXo T OccXiXo— oncXiX2)Nop Cr after 150 h milling, which is seen as a high-angle shoul-
der on the maif110) diffraction peak. However, after this
much milling time, the Cr grain size should be about 20 nm
If one can isolate ranges ofin which only one of thé\'s s~ OF less, and the grains are embedded in a substantially ho-
significant, for instance, based on bond lengths, one can uggogeneous Ti-Cr alloy. As Ti and Cr have been found to
Eq. (7) to determine local coordinations in the alloy. In the react in thin film experiments to produce an amorphous
present case, using Ti as element 1 and Cr as element 2, tRBase;' the Cr inhomogeneities should be reduced in the
coefficients of theN,,; on the right-hand side of Eq7) are ~ course of thec-to-a transformation. This is supported by the
0.4232(for Ny;), 0.5768(for N,,), and —1.0773(for N;,).  absence of any detectable Cr peaks in tiacef Fig. 3. The

The atomic number density is 69.8 hfy based on the bec  lattice parameters of the bee phases of MA and MM powders
lattice paramete(see below. are 0.3070 nm and 0.3052 nm, respectively. Based on the
closely linear lattice parameter versus composition behavior
in the Ti-Cr bce phasé??one may use the lattice parameters
to obtain a rough estimate of the compositions of the two bcc

Two batches of bcc JiCr,s powder were produced by alloys. This indicates compositions of approximately 53
ball milling. In the first batch, mechanical alloyif®lA) of  at. % Cr and 57 at. % Cr, in support of a small degree of
elemental Ti and Cr powders was used. For the second batcimhomogeneity in the MA alloy.
bulk materials were prealloyed in an arc melter, and subse- The x-ray-diffraction trace of the amorphous phase pro-
guently crushed to a powder in an argon glove box using @luced after heat treating the MA powder to 650 °C in the
steel mortar prior to mechanical millindMM). Details on DSC shows a substantial decrease in coherent scattering,
the milling of both MA and MM powders are described in with the sharp diffraction spots of the bcc phase being re-
Ref. 1. Milling times were 150 h for the MA powder and 90 placed by broad features typical of an amorphous phase.
h for the MM powder. Energy dispersive x-ray-spectroscopyNevertheless, a small quantity of the TjQraves compound
measurements in a scanning electron microscope indicatedas produced during the anneal, as is indicated by the small
that the MA powder contained less than 0.2 at. % Fe, and thpeak corresponding t11) of the C15 TiCy Laves com-

MM powder less than 1.9 at. % Fe. Analysis of gaseous impound (arrow in Fig. 3. This contrasts with the results of
purities for the final MM powder showed 900 wt. ppm O and Yan et al,! and is possibly explained by the presence of
650 wt. ppm N. Cr-rich regions in the starting bcc powder in the present case.

r+Ar
f r(G(r)+wNN47Tp0r)dr
r

_ 2
=(oNNX1 T ©0ccX X5+ oneX1X2)N1g

+[2wnX— 20ccXi X5+ oncXa(Xa—X1) N1, (7)

Ill. EXPERIMENT
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FIG. 5. G(r) corresponding to th&(Q)’s in Fig. 4. The first
four peaks inG(r) for the amorphous phase are labeled as in Table
l.

FIG. 4. ExperimentaB(Q)’s for the MM Ti,sCrsg (tracea), the
same heated briefly to 350 °@race b), and the inverse melted
amorphous TiCrss (tracec).

. IV. ANALYSIS OF NEUTRON-DIFFRACTION DATA
A further check of the amorphous alloy was performed using

TEM. The results of bright and dark field imaging are similar A. Amorphous TigsCrss

to those presented elsewhere for inverse meIthC_TQO The amorphouss(r) was analyzed using Eq7). The
(Ref. ) and NhCrss (Ref. 23 alloys, and are consistent gma|| term o X 47p,r was added to the experimental
with the presence of an amorphous phase plus a small mi(r). This was then multiplied by and the integrals were
nority component of the Laves compound. , taken over intervals corresponding to the peak&(n). The

_ The two Ti-Cr powders, amorphous and MM were inves-reqits of the integration for the first four peaksrir G(r)
tigated using time-of-flight diffuse neutron scattering on thez e shown in Table 1.

liquid and amorphous d_iffractometeéLAD) at Rutherford The mean distance of peak 1 is 0.245 nm. This compares
Appleton Laboratory, Chilton, UK. A third neutron measure- cjosely with the Cr-Cr nearest-neighbor distance in pure Cr
ment was subsequently made of the MM powder, after gg 249 nm, and matches exactly the Cr-Cr nearest-neighbor
brief (~10 min ex situheating of this powder to a tempera- gisiance in the TiGr Laves compound® It is also signifi-
ture of 350 °C in the vanadium can used for neutron meaganily smaller than either the Ti-Cr nearest-neighbor distance
surement. This measurement was performed in o_rder to deg, TiCr, (0.285 nm or typical Ti-Ti nearest-neighbor dis-
termine what changes in CSRO occur during low-tances of 0.295-0.306 nm for-Ti and TiCr,, respectively.
temperature annealing of the bcc phase prior to the inversgased on the fact that the first peak ends at 0.265 nm it
melting transformation. For neutron diffraction, each of thegnguid not include either Ti-Cr or Ti-Ti pairs. From Eq. 7 the
specimens weighed app_roximate_ly 7 g. The measur_emenfﬁst peak integral is thus equal to 0.5268,c, for this
were made after evacuating the diffractometer to beloW'10 jnteryal, This indicates that Cr atoms are coordinated by an
mbar to avoid air scattering. Instrumental details, '”ClUd'”gaverage of 4.81 Cr atoms at a distance of 0.245 nm.

the reduction of the raw data to obta#{Q) andG(r) are In the presen6(r), the distance corresponding to peaks 2
described in Refs. 24 and 25. through 4 covers the Ti-Cr and Ti-Ti nearest-neighbor dis-
. Plots 0fS(Q) andG(r) for the three samples are shown (ances for the TiGrcompound, without including any con-

in Figs. 4 and 5. As is clearly seen, the peaks in both thgpytion from the second-neighbor shell. The latter begins at
S(Q) andG(r) for the amorphous case tend to be larger thamy 425 nm in TiCg and 0.432 nm in the bce precursor phase,
in either the as-milled or annealed cases. Because the part@lljggesting that peaks beyond 0.395 nm belong to second- or
structure factor corresponding to chemical correlationspigher-neighbor shells in the present data. The evaluation of

Scc(Q), is strongly weighted in this alloy, the neutron data yeaks 24 is nevertheless complicated in the present case by
are dominated by CSRO. It is important to note that for the

particular alloy investigated about 98% of the scattering in-
tensity originates from CSRO effects, whereas less than 2%
is due to topological short-range orderi@SRO. The large

TABLE I. Analysis of G(r), amorphous phase.

peaks for the amorphous phase compared to the relativelyos r limits (nrm) Jr (G + anydmpondr
flat traces for the bcc alloy are thus primarily the signature oft 0.225-0.265 2.776

a strong increase in CSRO, in agreement with the predicted 0.265-0.310 —4.784
behavior as described in the Introduction. In the following3 0.310-0.350 0.427

two sections, the amorphous and the as-milled and annealed 0.350-0.395 —0.277

traces are analyzed in detail.
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the fact that none of thN ,; can be assumed to equal zero in . . . : . . .
this interval. The total coordination number of @tg,, can a) inverse melted
be written

ch:4u8l+)(+'NTmr. (8)

G(r)

Here, 4.81 idNg,¢, for r <0.265 nm, as deduced from peak 1,
X representdN¢,¢, for the range 0.265r<0.395 nm, and b) TiCr, (simulated)
Nric, is the number of Ti atoms in the first coordination shell
of Cr. From Table I, the left-hand side of EY) for r over
the range of peaks 2—4 i54.634. Using Eq(7) for this
range, making a substitution fdi,c, from Eq.(8), and set- A ——
ting AN=N<;-N¢, as the difference in coordination numbers
between Ti and Cr, one can rearrange Ef).to obtain an
equation of the form

P
0.0 0.2 04 0.6 0.8 1.0 1.2 1.4

r [nm]

FIG. 6. Comparison of5(r)’s of inverse melted TiCrgs (ex-
perimental, trace) and a calculated trace for the TiGrompound
(traceb) (Ref. 27. Traceb was calculated using atom positions
given by Duwez and TaylofRef. 26.

Ng,=A+BAN+CX. (9)

By inserting numerical values for all parameters in &.

one obtainA=10.50,8=0.361, andC=1.85. Although itis  the numbers themselves are similar to those in the Laves
not possible to conclusively determine the first-neighbor COtompound. The overall similarity of the amorphoGgr)
ordinations from this equation with three unknowns, the unq that calculated for the Laves compound in Fig. 6 sug-
certainty can be reduced by the following considerations: Cgegts that the atomic coordinations in the present amorphous
is smaller than Ti, and orderl_ng in the Ti-Cr system 5h°U|dphase and the TiGrLaves compound are indeed similar.
thus tend to reduce the coordination number of Cr from 14 a§his adds overall support for the assumption tias at most
in bce toward a minimum value of 12 which is realized intheg 3 j e the average Cr atom has at most 0.3 Cr neighbors in
TiCr, compound. Based on thiblc, is confined between 12 the'rang’]e 0.265r <0.395 nm.
and 14. Similarly, for the case of Ti the maximum possible Although the atomic coordinations in the amorphous
coordination number is 16. This is the coordination numberphase are similar to those in the Laves compound, they are
of Ti in the TiCr, Laves compound. In the compound, Ti has 4t identical. The first-neighbor shell value of 4.8 to 5.2 for
12 Cr and 4 Ti nearest neighbors. Because the compositioq . s smaller than in the case of the Laves compound, in
of the amorphous phase is Ti rich with respect to the JiCr \yhich Cr has 6 Cr nearest neighbors. This difference is con-
stoichiometry, it is likely that Ti has more Ti first neighbors gjstent with the larger Ti concentration in the alloy than in
in the present case than in TiCrConsidering that the first  gigichiometric TiCs, as this would tend to increase the num-
coordination shell of Ti in the Laves compound is closeper of Tj nearest neighbors of Cr. This can also explain why
packed, and that Ti is larger than Cr, this would indicate arj has approximately 9 Cr nearest neighbors in the present
coordination number for Ti which is less than 16. As a pre-3gsessment compared to 12 in the Ji€ompound. The
liminary assumption, one can sétequal to zero. This elimi-  geyiations in the first shell coordinations from those of the
nates the unlikely scenario that a significant portion of the ayes compound would tend to result in internal strains of
Cr-Cr nearest-neighbors pairs actually increases their disyny regions with a Laves-like topology. While the local co-
tance in the transformation, with respect to the initial bccyrginations assessed here resemble those in the Laves com-
Ti-Cr alloy’s nearest-neighbor distance of 0.265 nm. pound, the CSRO deduced above cannot be merely a char-
Based on these consideratioNg; is closely confined 1o 5cteristic of a very small volume fraction of TiGrsuch as
approximately 1_2. This is because_)( is zero, setting  nat suggested by x-ray diffractometfgee Fig. 3, trac®).
Nc,=12 results inAN=4.1 in Eq.(9), i.e., Ny=16.1. Any  Thjs is because Cr atoms in the Laves compound have six
increase iM¢, simply forcesAN to further increase, as 10ng pearest-neighbor Cr atoms at 0.245 nm, whereas from the
asX=0. This suggests that the averadg, for the first shell  yreqent results thaverageCr atom in the inverse melted
is very close to 12, while a small but fini% compensates sample has 4.8 Cr neighbor atoms at this distance. The sig-
AN in Eq. (9) to yield a Ti coordination number slightly Iess pjficance of the structural similarity between the amorphous

than 16. Assuming tha( is in the range 0.03—0.3 allows the phase and the Laves compound will be dealt with further in
coordination of Cr to be assessed as a total coordinatiofhe piscussion.

number of 12-12.4, of which 4.8-5.1 are Cr. The corre-
sponding coordination numbers for Ti are a total coordina-
tion of 15.5t0.5, of which 8.8—9 are Cr and the rest Ti.

In Fig. 6, the present experiment&(r) for the amor- The S(Q) andG(r) traces in the as-milled and annealed
phous phase is compared with a calculate¢r) for the  specimens are strikingly similar. In addition, the main fea-
TiCr, Laves compound’ As can be seen, the curves are tures of theG(r) curves do not correspond to the neighbor
similar, and there is an apparent correspondence of the peagbells of the bcc phase. This is shown in Fig. 7, in which
up tor~0.7 nm. In the present assessment, the uncertainty db(r) for the as-milled specimen is also compared with a
the coordination numbers is strongly dependent on the uppexalculatedG(r) for the TiCr, Laves compound structure
limit assumed foiX. If X is confined to near zero, the coor- given by Duwez and Tayldf The features of the as-milled
dination numbers can only vary within close tolerances, and>(r) are consistent with the presence of the Laves com-

B. As-milled and annealed bcc TjsCrsg
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— . . cated at the neighbor shells of the bcc lattice, using the lat-
1 tice parameter determined from x-ray diffractometry. It was
thus assumed tha@G(r) should have the form

WWWM 7b2(r7r )

b) TiCr,, simulated T A G( r) = % ape P p) (10)

G(r)

in which a single Gaussian resides at each oftheighbor
shells of the bcc phase at=r,, anda, andb, are fit pa-
rameters. In this cas& S(Q) is given by

. . . 1 Jma 242
0.0 0.4 0.8 1.2 _ P .—Q%/4b;
o AS(Q) 3 % b, e pSINQr . (11
FIG. 7. Comparison of3(r) for as-milled MM powder, and Unfortunately, due to a weak signal, as well as the presence
TiCr, (calculated (Ref. 27). of spurious discontinuities iN S(Q) at Q~24 and 34 nm?,

the uncertainty was too large to allow reliable fit parameters
pound in the sample, in spite of the bcc x-ray-diffractionto be obtained beyond ﬂl% first-neighborf,lhell. The resulting
trace shown in Fig. 3, trace This leads to the suspicion that &1 andb; are—31+15 nm “and 44£26 nm , respectively,
the Laves phase produced on initial arc melting of the speci@nd the fit toAS(Q) using these parameters is shown as a
men was not fully transformed to bcc by milling. This sus- dashed _I|ne n F'.g.' 8. As can be seen from Fig. 8, reduct!on
picion was confirmed using dark field TEM, in which par- of the discontinuities would result in better agreement with
i) _1 .
ticles of the Laves compound 5-10 nm in diameter werdn® modeledAS(Q). The data forQ<14 nm = contained
imaged by placing the objective aperture on {hé1) C15 art|fa_cts. It is set equal to zero in Fig. 8,_ and was not us_ed in
ring, with 0.401 nmd spacing. The chemical order present in th€ fit. From the parametdr,, the full width at half maxi-
the small quantity of this phase contained in the sample i§1Um Of the Gaussian representing the first-neighbor shell is
dominant, which suggests a rather small degree of chemic 'O38t0'.01 nm, between Wh'Ch. lies more than 80% of this
order in the majority bce phase of the as-milled sample.  Snell: Using Eq(6), the change in the CSRO parameter for
In order to use the present data to evaluate chemical of€ firstneighbor shellAay, lies between—0.024 and

dering in bcc Ti-Cr, the data for the as-milled powder were ~0-072, with a best f!t value of—0.0_32. This indicates a
subtracted from that of the annealed powder. The resultin Ilgr;]t tendency for: unlike nearest neighbors to be preferredr,]

_ : ; ; that a Ti atom has on average 0.14 more Cr nearest neigh-
AS(Q)=S(Q) anneated S(Q) miled IS Shown as Fig. 8. While >° . : "
oscillations typical of CSRO are clearly recognizable in bors after a b”ef, anneal at 350 °C _than after m|II|ng._ The
AS(Q), the corresponding subtract@{r)'s showed a pro- s_mallnes_s of the increase of CS_RO in the b(_:c phase is con-
nounced high-frequency oscillation which was inconsistenfiStent with the requirement for inverse melting that the en-
with the bec lattice. Because this oscillation is either an ar€r9y associated with CSRO in the bce phase be weak. The
tifact due to normalization errors in tH&Q)’s or to relax- result of a preference for unlike near neighbors in the Ti-Cr
ation occurring in the residual Laves compound, the ap_bcc phase is consistent with a previous neutron-diffraction
proach was adopted of fitting a modeled bcc CSRO to th&tudy performed on a bulk-quenched altyA model for

measuredS(Q). The functions adopted were Gaussians |o-€lectronically stabilized CSRO in Ti-based alloys which has
' been previously proposed based on diffuse electron

scattering® could not be tested due to the absence of reliable

o0 : : values fora beyond the first-neighbor shell.
3
E V. DISCUSSION
E‘? The neutron-diffraction characterization of inverse melted
& amorphous TiCrss has demonstrated that the inverse melt-
b ing transformation is associated with an increase in CSRO
s 0.00 : .

g with respect to th(_e precursor milled bcc phase. '_I'he measure-
£ ments allow specification of the type of CSRO in the amor-
5] phous phase through assessment of first-neighbor coordina-
)t tions. Two central points concerning the CSRO emerge from
(<) the assessed coordinations: First, the change in local coordi-
4 nation from bcc to the amorphous state in inverse melting
.10, T BT STy — T involves a differentiation of Ti and Cr sites in the material.

Q[pm™ This differentiation is implicit in the difference in Ti and Cr
coordination numberA N~3-4 which the data support. It is
FIG. 8. DifferenceA S(Q) representing the change 8(Q) in-  further shown by the existence of peak 1 in ¢r) corre-
duced by a brief anneal of the MM powder at 350 °C. The dashe@ponding to Cr-Cr pairs. From the 0.245 nm distance of this
line represents a best fit to the data assunfi@(r) consists of a  peak, it is evident that the Cr atoms in the first-neighbor shell
single Gaussian peak at the first-neighbor shigh;0.2643 nm. of Cr cannot be exchanged with Ti atoms, as the result would
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deviate significantly from the expected 0.285 nm Ti-Cr bondbe a fairly general characteristic of early-transition-metal—
length. The second point concerning the CSRO is that it doekate-transition-metal amorphous alloys with compositions
not significantly change the numbers of like and unlike pairsnear toAB,.
from the random case. The first-neighbor coordination shells The presentS(Q) is distinct from previously measured
for both Cr and Ti have about 45-56 at. % Ti. The deviationS(Q)’s for other amorphous phases in possessing well-
from the average concentration is thus not pronounced. Thidefined maxima up to a larg@ of about 80 nm?. This
evidence of a weak ordering tendency in the classical Braggeature is not shared by other null mat$Q)’s,*¢-**3*or
Williams sense is consistent with the thermodynamics of thether S(Q)’s for amorphous metallic phases which are not
Ti-Cr systemt?® which is characterized by small heats of null-matrix alloys!’3>*®The peaks inS(Q) are associated
mixing, i.e., a small enthalpy of interaction between Ti andwith features inG(r), which are quite different from the
Cr. As has been pointed out previousfythis is typical of  broad oscillations inG(r)’s for other amorphous metal al-
systems which undergo inverse melting. The chemical ordetoys. These differences are explainable based on the variabil-
ing occurring on inverse melting, which mainly involves a ity of medium-range ordefMRO) within the amorphous
differentiation of Cr and Ti sites, can account for the de-phase. It is well known that amorphous structures may vary
crease in entropy accompanying tbeéo-a transformation, considerably with respect to the degree of MBS 38
as presented in the Introduction. Whereas amorphous phases produced by conventional means
The neutron-diffraction results indicate a dramatic struc-such as melt spinning at high cooling rates may display rela-
tural change in inverse melting with respect to the bcc topoltively little MRO,* the present amorphous phase was pro-
ogy of the precursor phase. In particular, similarities exist induced by a process of thermal annealing at the relatively
the local structure between the amorphous phase and tiigh tempgratu.re of 650 °C. It is therefore not surprising that
TiCr, Laves compound. As was shown, the first-neighborth® MRO is quite pronounced in the present case.
coordinations in the amorphous phase resemble those of the The tendency for MRO to increase with thermal treatment
TiCr, Laves compound, and further similarity is supportedo amorphous phases prior to crystallization is supported by

by the correspondence between peaks inGkg) and those previous calorimetric investigations and results of high-
of a TiCr, G(r) up to a distance~0.7 nm. In further sup resolution transmission electron microscoyRTEM) in

2 ==V. . - . ’39
port of this, modeling of the present data using the LaveénEtalllc amI(:'rphqus alll\lofg. Inlla;gc&nég%TEM_studytﬁf
phase structure has been perforrigdnd reasonable agree- mvgrse mde_ mgtln a Niy r]§5 ado_ homalns Wi ttered
ment was found using the Laves phase structure and a lengfh_ nm diameters were found in-amorphous cosputiere

scale for structural units o&2.5 nm. Because the Laves \PasClss films which were heated to the temperature at
compound is a topologically close-packed structure, characv—vhICh Inverse .meltmg occurs. Both TEN.I Images gnd
lectron-diffraction support the structural similarity of in-

riz he presen f exclusivel rahedral intersti . . .
terized by the presence of exclusively tetrahedral interst Cegerse melted alloys and codeposited amorphous films which

this is indicative of a dramatic departure from the bcc topol- b biected to th heat treat L p d
ogy of the precursor phase. This supports the suggestion thgrve een subjected 1o the same heat treatment. Fronounce

the occurrence of inverse melting in an alloy depends on th RO E thushan |nherﬁnt ch?]r_aﬁterlstlc 3f the _heat treatelttj
energy reduction on ordering being coupled with a pro-amorp ous phase In alloys which can undergo Inverse meit-

nounced topological change from the precursor bCé'ng, regardless of whether the alloy was produced by inverse

topology® The present neutron-diffraction data demonstraténeltmg or another method such as codeposition. The MRO

that this is clearly the case, as the local structure of the amopoen N the present results is due to the relatively high tem-
phous phase is more close packed, and similar to that of t erature at which Inverse melted amorphOL_Js alloys are pro-
Laves compound. In spite of this similarity, there are signifi- uced. Further work is needed to determine whether pro-

cant differences between the amorphous and Laves phaQ unced k'\‘/.IRhO IS a %enerc?l ::r;]ar:;\]cienstlc c:f amo;phcr)]ysh
local structures, as is indicated by deviations in the firstPNAsSeS Which are proauced at high temperatures at whic

neighbor coordinations. atomic mobility is significant, for instance, in solid-state

The present similarity between the local structure of theamorphlzatlon reac_tlt_)ns_ of elemental thin filffispr non-
amorphous phase and that of the Laves compound is not £plymorphous pre9|p|tat|o%}(l)f an amorphous phase from a
isolated case, as it has frequently been found previously th&u&ersatgldr%ted ‘T’Ol'd solut f ’ d struct in th
the amorphous phase local structure may resemble that of a tn ad.f'f |ont§1 sc&urtce 0 pr?no%nce S rulf ure Itr']t E;:
stable compound phase with a composition near that of th eutron-difiraction dala may aiso be a small gquantity o
amorphous alloy5~1"31 The significance of compoundlike iCr, compound which the x-ray diffraction trace suggests

local structures in the amorphous phase is further supporte'a1ay be present in the alloy. Nevertheless, this qu?nuty IS
by recent thermodynamic characterization of early_smaII, and is estimated to be much less than 5 vol % based

transition-metal—late-transition-metal amorphous aIons,On a maximum x-ray peak height in Fig. 3 tragewhich is

which has shown that the amorphous phase may posseggproximately 5% of that for a fully crystallized alloy.

complex Qibbs_ energy versus compositio@(k)] dgpen— VI. CONCLUSIONS
dencies, with distinct minima occurring B(x) at particular
compositions? The G(x) minima must result from local Diffuse neutron-scattering measurements on bcc and in-

structures which are energetically favorable at certain comverse melted amorphous,Crss have shown that the trans-

positions. In the Zr-Fe and Zr-Co systen®(x) minima are  formation from bcc to the amorphous phase is associated
found near to the ZrkEeand ZrCg stoichiometries, which with an increase in the CSRO. The order consists of a dif-
may indicate Laves-like local structures in these alfys. ferentiation in the amorphous phase between Ti and Cr sites.
This suggests that the similarity between the amorphous anéin increase in the CSRO is consistent with the thermody-
Laves phase local structures found in the present work magamics of inverse melting, which indicate a decrease in en-
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