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Inverse melting in a system with positive heats of formation
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Supersaturated body-centered-cubic Fe-W solid solutions with positive heats of formation were prepared by
cosputtering and mechanical alloying over a wide concentration range. Upon annealing, these solid solutions
were observed to undergo amorphization in the range of 20-37 at. % W. RgW{zeand Fg, W35 the
transformation was polymorphous, indicating an inverse melting behavior. A thermodynamic analysis of the
Fe-W system, which was carried out using the calculation-of-phase-diagrams method, supported that inverse
melting is energetically possible in the Fe-W system. The results demonstrate that inverse melting can also
occur in systems with positive heats of amorphous phase forma86163-18207)51042-3

In the Ti-Cr alloy systent,it has been demonstrated that ration of freestanding samples for the differential scanning
at low temperature undercooled liquid or amorphous phasesalorimetry(DSC) experiments by peeling the films from the
can become thermodynamically more stable thafmata- substrates. Mechanical alloying of Fe and W powder blends
stablg crystalline state. Such a behavior indicates that a seswvere performed with a planetary miffor experimental de-
ond melting point can occur at low temperature, and that 42ils, see Refs. 11 and L2Different compositions ranging
metastable crystal can melt polymorphously upon cooling ifffom 20-30 at. % W were milled up to 1400 h. O and N
the formation of equilibrium phases is avoidedccord-  levels remained unchanged after milling and stayed typically
ingly, this phenomenon has been termed inverse melting, anelow 0.2 wt. %. No Fe contamination was detected. The
the temperature below which the undercooled liquid orDSC measurements were performed under argon atmo-
amorphous phase is thermodynamically more stable than tH@here, either in a Perkin Elmer DSC 7 or in a high-
crystaline state has been termed inverse meltingemperature calorimeter of type Netzsch DSC 404. X-ray
temperaturé.In contrast to normal melting, which is an en- diffraction (XRD) measurements were performed using a
dothermic transformation, inverse melting is exothermic. ~ Siemens D5000 powder diffractometer with Cy;Kadia-

Subsequent investigations have revealed that inversion.
melting occurs in several transition-metal alloy systems, all The XRD measurements of the Fe-W alloy films showed
of which exhibit negative heats of mixing in the liquid state the formation of bcc solid solution phases in the entire com-
and therefore can develop chemical and topological orderingosition range investigated, except for compositions around
upon undercoolin§. Examples of systems where inverse 45 at. % where an amorphous phase was observed. DSC
melting could be experimentally confirmed include Ti‘c§  traces of the bcc phase with compositionstl at. % W
Nb-Cr,”® Ta-Cr® and Mo-Zr!° In addition to these systems, showed a broad exothermal peak from 500-750 °C and a
our recent investigations have indicated that the Fe-W syssharp exothermal peak at about 900 °C. As an example, a
tem may be a further candidate for inverse melfihifal- DSC trace of a FgW,; film sample is shown in Fig. (a),
though Fe and W exhibit a positive heat of mixing in the taken at a heating rate of 40 K/min. XRD investigations per-
liquid state at high temperature and in the body-centeredformed after the DSC measurements indicated that the low-
cubic (bco) solid solution. temperature DSC peak is associated with the amorphization

In this paper, we demonstrate that a polymorphous trans3f the bcc solid solutions, whereas the high-temperature peak
formation from a crystalline phase to an amorphous phasts due to crystallization of the amorphous phases. XRD pat-
can be obtained in supersaturated bcc Fe-W solid solutiorterns of a FgoWs, film sample before and after different heat
prepared by codeposition. This provides experimental evitreatments are shown in Fig. 2. Figuréa2shows an as-
dence that the inverse melting phenomenon is not restrictegputtered FeW;, solid solution. The lattice parameter of
to alloys with negative heats of amorphous phase formatiothe bcc phase was determined to be 0.2979 nm. This value is
but can also be found in a system with positive heats oslightly higher than the linear interpolation between pure Fe
amorphous phase formation. The experimental results are i@nd W, in agreement with the positive heat of mixing of Fe
terpreted in terms of a thermodynamic analysis of the Fe-wand W in the bcc phase. Figur¢b? shows the XRD pattern
system which was performed using the calculation-of-phasef the Fe;W3, sample after heating at a rate of 40 K/min to
diagrams(CALPHAD) method. 720 °C. It can be seen that a diffuse halo typical of an amor-

Fe-W alloy films with compositions ranging from 13—-67 phous phase developed upon heating, indicating a polymor-
at. % W were deposited by cosputtering from elemental tarphous transformation from the bcc solid solution to the
gets onto Si single-crystal substrates kept at room temperamorphous phase. Figuréc® shows the XRD pattern of the
ture by water cooling. The deposition was carried out using-e;oWs, sample after heating to 1200 °C. It shows that the
argon(7N) at a pressure of 0.37 Pa. The base vacuum waamorphous phase has crystallized into Fe and the intermetal-
typically 1.2<x10 " Pa before deposition. The Fe-W alloy lic compound FeWg which are the equilibrium phases at
films were about 4.m in total thickness, allowing the prepa- 1200 °C. Figure 3 shows that amorphization occurred in the
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FIG. 1. DSC traces of FgW,; samples, taken at a heating rate at. % W were also obtained by mechanical alloying, whereas
of 40 K/min to 1200 °C.(a) Alloy film sample; (b) alloy powder for 30 at. % W the formation of an amorphous phase was
sample. observed. Upon heating, the bcc alloy transformed into an
amorphous phase. A DSC trace of a;fW,; alloy powder

Fe-W solid solutions with different compositions upon heat-S28mPple is shown in Fig.(b), taken at a heating rate of 40
ing to 720 °C with heating rates of 50, 40, 10, and 4 K/min,K/m'”' Compared to the results obtained from alloy films

respectively. The different heating rates were used becaud¥th similar compositions a reasonable similarity is ob-

the transformation temperatures increased with W contenB€/ved: Figure 4 shows XRD patterns of the Fe-W powders
(The application of a higher annealing temperature is unrealith different compositions after heating to 800 °C. Only a
sonable, as the inverse melting temperatures of these alloggnall portion of Fe precipitated in the V5, powder upon
decrease with W content from 820 to about 600 °C, see b neating as the transformation from the bcc to the amorphous
low.) The Fe-rich sampléFe,\W.¢) showed decomposition phases is almost polymorphous. These res_ults are consistent
of the bce solid solution into an amorphous phase, bec pwith those obtained from lthe_cosputtered films and demon-
and a small amount of the F&/s compound upon heating. strate that the transformation into the amorphous phase is not

The samples with 30 and 33 at. % W showed a po|ymor_determined by proce;sing or by a specific microstructure.
phous transformation from the bcc solid solution to the The thermodynamic functions of the Fe-W system were

amorphous phase, with a slight shift of the amorphous hal§€termined by the CALPHAD method, as described in Ref.
to lower angles upon increasing W concentration. The w12 The calculations were based on data of the equilibrium

rich sample(FegaWs;) showed an almost complete amor- phase diagram, available thermodyn.am.ic dat_a fr_om litera-
phization and a small amount of bce solid solution. The refure. and enthalpy data from our earlier investigation of the
e-W systent}'2 The amorphous phase is treated as an ex-

sidual solid solution has a slightly higher W content than the” : £ 1h led liqui | h
initial bee solid solution. tension of the undercooled liquid at low temperatures. The
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FIG. 4. XRD patterns of the bcc BgW,,, Fe;sW,s, and
FIG. 2. XRD patterns of the FgW;, film sample before and Fe;3W,; powder samples after heating to 800 °C, taken at a heating
after heat treatments, performed at a heating rate of 40 K/min. rate of 20 K/min.
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FIG. 5. Gibbs energy curves of the bcc and fcc solid solutions
the amorphous phase, and the~e;Wg and §-FeW compounds at
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FIG. 7. T, curves(dashed linesand metastable equilibrigolid

lines) of the amorphous phase and the bcc phase.

600 °C. Dashed line€l) and(2) are common tangents between the phases exist, the first being the usual polymorphous melting
amorphous phase and Fe-rich or W-rich bce solid solution, respegaoint at high temperature, and the second being the inverse
tively. Reference states are bcc Fe and bcc W.

melting point at 760 °C. Below 760 °C a driving force exists
for a polymorphous transformation from the bcc to the amor-

calculation considers the temperature dependence of the eghous phase.

cess specific heat for the undercooled liquid and its change at Figure 7 showsT, curves derived from equal energy
the glass transition temperature. Consequently, the thermepints confining the region in which the amorphous phase
dynamic functions of the liquid and the amorphous phase arfas a lower Gibbs energy than the bcc phase. In addition,
mainly determined by the phase equilibria of the liquid phaserig. 7 shows metastable equilibria between the amorphous
at high temperatures and by crystallization enthalpies of thghase and the Fe-rich bcc phase obtained from the common

amorphous phase at different compositibhdn addition,

tangents applied to the Gibbs energy curves of these two

magnetic contributions on the Fe-rich side were also considphases. Usually, there are two common tangents possible
ered in the present evaluation. Figure 5 shows the Gibbgetween the Gibbs energy curves of the amorphous phase
energy curves of the bcc and fcc solid solutions, the amorand that of the bce solid solution. One is between the amor-

phous phase, and the-Fe;W; and 5-FeW compounds at phous phase and the Fe-rich bcc phase and the other is be-

600 °C. It is worth noting that all phases except thphase

tween the amorphous phase and W-rich bcc phase, as de-

exhibit positive heats of formation. It can be seen that theyoted forT=600 °C by dashed line€l) and (2) in Fig. 5.
amorphous phase has a lower Gibbs energy than the begowever, it is obvious from Fig. 5 that the amorphous phase,
solid solution in the composition range 16-37 at. % W, i.e.,as a result of its positive Gibbs energy of formation, would
the amorphous phase is energetically preferred over the bggot form if precipitation of both the Fe-rich and the W-rich

phase in this concentration range. This is in agreement witBould occur simultaneously. Since this is in disagreement
our experimental results which showed amorphization in thisyith our experimental observation of amorphous phase for-

concentration range.

mation, we can conclude that the formation of one of these

Figure 6 displays Gibbs energy curves of the bcc phas@vo bee phases is kinetically suppressed. In fact, our experi-
and the liguid/amorphous phase as a function of temperatuiigental results indicate such a kinetic suppression: for ex-
at a composition of FgWs,. It can be seen that two points ample, during heating of the Fe-rich solid solution, Fe pre-
of intersection between the Gibbs energies of these tweipitated from the bcc phase while precipitation of W did not
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occur. With this constraint, a metastable equilibrium diagram
between the amorphous phase and the Fe-rich bcc phase was
constructed in Fig. 7. The two-phase field so obtained ends at
approximately 850 °C in a horizontal line. This feature is the
result of the fact that the Gibbs energies of the bcc and amor-
phous phases become almost identical at this temperature in
a concentration range of 8—24 at. % W.

Our experimental results are in good agreement with the
calculatedT, and the metastable equilibrium lines: for W
concentrations equal or lower than 27 at. % we observed
precipitation of Fe parallel to amorphization. This indicates
that metastable equilibria between these phases may develop
in Fe-rich samples. For higher W concentrations, Fe precipi-
tation is energetically not favorable during amorphization

FIG. 6. Gibbs energy curves of the bcc phase and the liquidand precipitation of W is not observed. This allows a poly-
amorphous phase as a function of temperature at a composition gfiorphous transformation of the bcc solid solution into an

Fe,oW3,. Reference states are bcc Fe and bcc W.

amorphous phase for temperatures below 850 °C to occur.
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However, such a transformation is only energetically postealing of supersaturated bcc Fe-W solid solutions in the
sible within a concentration-temperature region limited byconcentration range of 30-33 at. % W. For lower W con-
the T, line. As a result, polymorphous amorphization is ex-tents, two-phase mixtures consisting of the amorphous and
pected to occur only in the shaded region denoted “i.m.” Fe-rich bcc phases were observed. The inverse melting phe-
(inverse melting for instance, from 27-37 at. % W at nomenon agrees well with the thermodynamics of the Fe-W
T=600 °C and from 25-33 a% W atT=700 °C. Thisisin  system. These results demonstrate that inverse melting can
perfect agreement with our experiments. For higher W congccur also in systems with positive heats of amorphous phase
tent above 33 at. %, driving force for a polymorphous trans+tgrmation.
formation exists only at lower temperatures, where transfor-
mation kinetics are too slow for these compositions. One of the authorgHai Yang Ba) is grateful for the
Therefore only partial amorphization is observed. financial support of the Alexander von Humboldt Foundation
In conclusion, by preparing homogeneous bcc solid soluin Germany. Thanks also go to T. Klassen and C. Gente for
tions by cosputtering and mechanical alloying of Fe and Wyaluable discussions. The financial support of the Deutsche
we have demonstrated that a polymorphous transformatioRorschungsgemeinschaft DFG-SP  Unidlker  Met-
from a crystalline to an amorphous phase occurred by amallschmelzen, Az: Bo 691/5 is gratefully acknowledged.
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