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Amorphization by mechanical alloying in metallic systems with positive Gibbs energy of formation
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Fe-W has been chosen as a model system to investigate amorphization during mechanical alloying in
systems with positive Gibbs energy of formation. Depending on the overall compositions, amorphous phases
and supersaturated body-centered-cubax) Fe-W solid solutions were obtained by mechanical alloying. The
thermodynamics of the system was determined by the calculation-of-phase-di@faPHAD) method. The
analysis shows that the Fe-W system exhibits a positive heat of mixing in the bcc solid solution, and a negative
heat of mixing in the amorphous phase. As a result, the amorphous phase has dawerer, still positive
Gibbs energy of formation than the solid solution in the concentration range of 17—-42 at. % W, indicating that
amorphization in this range is favored, in agreement with the experiments. The mechanism which allows
amorphization and formation of solid solutions upon milling to occur in the Fe-W system is discussed. It is
proposed that the elastic contribution to the excess enthalpy which originates from coherent interfaces between
the elemental components provides a major driving force for alloying in the Fe-W system.
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I. INTRODUCTION ing atmosphere as well as from abrasion of vials and milling
balls. For instance, in the case of Cu-W, steel vials and balls
Mechanical alloyingMA) has been shown to be a versa- Were used. However, no impurity analysis has been reported
tile technique to produce metastable and unstable phases uf-the investigations. The MA in the Cu-Ta system was car-
der highly nonequilibrium conditions, such as amorphous alfi€d out by using C(Be) vial and balls. Thus, chances to be

loys, and supersaturated solid solutions frequently with graiffontaminated by Fe are fully absent. But interstitial atoms
sizes in the nanometer rangeémorphization by MA has such as oxygen and nitrogen also might favor amorphization.

been investigated both experimentally and theoretically sincg]mtrme fgrugﬁ‘eg bs():lgtgg?i, dwskg)llcuh(ig?? J:Shg gfnagroagﬂ)s(m%gegvﬁlsg
the first discovery of amorphization by MA of elemental b P

; . ; formed during milling in Ar. No amorphization occurred
powder blends in the Ni-Nb binary systéntowever, the upon milling in air. Contamination of the metal powder by
studies of amorphization by MA have concentrated on

" ; o oxygen affects both the time required to achieve the amor-
transition-metal binary alloy systems exhibiting large negaphous phase and its crystallizatibin contrast to the Cu-Ag

tive heats of formatiori.In such systems, easy formation of system, hoth fcc and bee solid solutions were formed by MA
amorphous phases is obtained as a thermodynamic drivinghder argon atmosphere in the Cu-Cr system which exhibits
force for amorphization and favorable kinetics with large in-a positive enthalpg of mixing up to about 20 kJ/g atéan
terdiffusion coefficients exist. about 400-500 °C’ The nanocrystalline Cu-Cr solid solu-
More recently, amorphization by MA has also been ob-tions transformed to an amorphous phase when Cr-rich al-
served in systems exhibiting positive Gibbs energy of formaioys were additionally milled in atmospheres containing oxy-
tion, e.g., CuM (M=Ta, W, Ag, and Cr*" Fe-w8%and  gen or nitrogen. It was supposed that oxygen and nitrogen
several explanations for the thermodynamically unexpectegromote the grain refinement and cause the amorphization.
formation of the amorphous phase have been proposed. Féimorphization has also been observed in the Fe-W
the Cu-Ta system, which is immiscible in the solid state, itsysten® Partial amorphization and nanocrystalline solid so-
has been suggested that the amorphization is due to refinkltions were achieved already by milling pure W powder.
ment of grains by MA"%! Alloying occurs until the aver- However, because of the hardness of W, contamination and
age grain size of Cu and Ta crystallites is reduced to abo@lloying with Fe by abrasion from the milling tools
10 nm and, once it reaches this level, the increase in interf2cCUrred: The mechanism of amorphous phase formation
cial energy of grain boundaries was proposed to be largd/as therefore mainly attributed to Fe and Cr contamination.
enough to allow the formation of an amorphous phase. Th -ray diffraction analysis shows that the crystallite strain

Cu-W system is an immiscible system both in the solid andncreased with milling time till amorphization occurred and

liquid states, and exhibits a very large positive heat of mix_decreased subsequently. Correlating the stored energy with

. ; ; . o . the microstrain, the crystallite strain was proposed to provide
ing for solid solutions:*?** Depending on milling condi- Y brop P

. : . ... _driving force necessary for the formation of the amorphous
tions, mechamqal alloying (?f e!emental powder blends e'_the[:)has - Milling of an equiatomic mixture of the elemental Fe
results in partial amorphizatidnor supersaturated solid

T ! orie and W powers, only a small amount of amorphous phase
solutions.“ As a mechanism for alloy formation, it was pro- together with W-rich bce solid solution form&dThe large

posed that large lattice expansion and grain refinement restored energy of about 10 kJ/g atom was interpreted to result
in a destabilization of the crystalline lattice. The results obrom the increased solution of W in Fe and the refinement of
tained in the Cu-Ta and Cu-W systems raise the question ograin size, leading to a destabilization of the crystalline
the influence of impurities which can originate from the mill- phase and a partial transformation into the amorphous phase.
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TABLE I. Compositions of the Fe-W powders under different conditions measured by (EDXhe Fe,
W, and Cr contenjsand chemical analysigor the oxygen and nitrogen contentBashes indicate Cr content
is below detection limit.

Powders with
starting compositions  Milling timéh) Fe(at.%9 W (at.% Cr(at.% O (wt.%) N (wt. %)

FeyWapo 0 0.14
200 0.16 0.042
1400 80.49 19.51 - 0.23 0.19
Fe,Wao 200 69.65 30.35 -
600 71.50 27.12 1.38
1400 7255 25.64 1.81
2000 75.44 21.99 2.57
Fe,Wso 0 50.53 49.47 - 0.073
50 48.29 51.71 -
100 53.64 45.48 0.87
200 70.46 26.93 2.62 0.073 0.026
1400 76.40 18.31 5.28 0.081 0.15
2000 78.54 15.99 5.47
200° 0.089 0.028
FexWao 0 0.04
200 20.64 79.36 - 0.093 0.037
600 0.16 0.14
1400 20.21 79.21 -

&The sample milled for 200 h was exposed to air for 7 months.

The thermodynamic functions of the Fe-W system were calelastic energy of coherent interfaces between the elemental
culated in Ref. 9 using Miedema’s semiempirical model.components.
However, the calculation showed that the Gibbs energy of

the amorphous phase is larger than that of the bcc phase over Il EXPERIMENT
entire concentration range. Thus the thermodynamic analysis _ o
could not explain the experimental results. Milling was performed with a planetary mi{Fritsch Pul-

To conclude, in previous investigations the mechanism o¥erisette % with hardened steel vials and balls. All handling
amorphization is mainly attributed to a decrease of the graif the powders including the milling procedure was per-
size of the pure elements upon milling. The excess enthalp{prmed in a glove box under purified argon. Oxygen and
is suggested to be stored in the grain boundaries, and tH4ater contents of the atmosphere during milling were_kept
interfacial energy of the grain boundaries is proposed to proP€/ow 1 ppm. The process was interrupted each 15 min for
vide the driving force for amorphization. However, on the 15 min tOQCOOI qlown _th_e vials which heated up typlcally _to
other hand, in earlier work, it was concluded that the excesgbom 50°C during milling. The ball-to-powder weight ratio

. . S - as 10:1. The purity of the Fe powder was 99.5 w023
enthalpy stored in grain boundaries is insufficient to act as y 0 . . . i
driving force for the formation of either a solid solution with Wt. % O), with a particle size less than 4&m. The purity of

0, i -
enhanced solubility or an amorphous phase if alloy exhibits %F::Tevgizpeovfglzr\:]va.srhgegéglgn\:vé'n(fgl'Olfevghfve’pvgm:r %Sllerznds

positive Gibbs energy of formation larger than 1-2 I(‘]/gwere prepared with nominal compositions of 20, 30, 50, and
atom.* Impurities are also suspected to affect alloying ingq 4t o5 W. The mixtures of the powders were milled up to
systems with positive heats of mixing. In Ref. 6 oxygen wasyoog h. The structural evolution during mechanical alloying
unfavorable for amorphization, in Ref. 7 the impurities re-anqg subsequent annealing was investigated by x-ray diffrac-
sulted in amorphization. In Refs. 15 and 16 impurities wer&jon (XRD) using CuK, radiation. Differential scanning
suspected to decrease the heat of mixing. calorimetry (DSC) was carried out with a calibrated high-
In the present work, the Fe-W binary system has beefemperature calorimeter of type Netsch DSC 404. Additional
chosen as a model system to investigate the mechanisms Bé¢ pickup from the vials and balls was determined by
amorphization during MA in systems with positive Gibbs energy-dispersive x-ragEDX) analysis in a scanning elec-
energy of formation. The Fe-W alloys with different compo- tron microscope. The oxygen and nitrogen contents of the
sitions are produced by mechanical alloying, and the thermaiitial powder blends and the milled powders were deter-
dynamics of the Fe-W system is determined by themined by chemical analysis. The results are summarized in
CALPHAD method. Based on our results, a mechanism offable I. It can be seen that the oxygen content even after
the phase formation during MA is proposed based on thdéong time milling is increased only slightly, but stays typi-
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FIG. 1. XRD patterns of as-mixed and milled ,5@&g, powder FIG. 2. XRD patterns of milled RgW,, powder for selected
for selected milling times. milling times.

B. Mechanical alloying of the FegW ;o powder blend
cally below 0.23 wt. %. After exposure to air for 7 months, ) )
the O and N contents are almost unchanged, see for examp(lj% rlzml‘?)lrjfelze(szthe?jwr?wi)liiﬁg tﬁﬁgim:tciLtehzamI)I/IZ?;%\Aelsgfpr?]\?lll-ing
in case of Fg\Wso in Table I. The relatively small increase both Fe and W peaks do not shift, but the intensities decrease

in the oxygen gnd nitrogen contents during milling, and afterand the peaks are broadened. After 50 h of milling the Fe
exposure to air, demonstrates that the Fe-W alloys do n

: . . cEeaks shift to lower angles, indicating the formation of a
rapidly reap_t with oxygen gnd nltroggn. Fe-rich solid solution. The positions of the W peaks do not
_ No significant Fe abrasion from vials and balls occu_rredchange upon milling, but the peaks are broadened and weak-
in the F@oW5o, and Fgo\Weo powders even after 1400 h mill- - apeq . After 600 h milling, an amorphous phase is formed on
ing. However, some Fe abrasion occurred in theo®gy  the expense of W and the Fe-rich bce solid solution. A large
powder (original compositiol, changing the composition to  part of the amorphous phase forms after 1500 h milling. The
75.4 at.% Fe, 22.0 at. % W, and 2.6 at. % Cr after 2000 hbrasion occurs during this process. From Table | and Fig. 2
milling. A large amount of Fe abrasion took place in theit is noticed that the transformation to the amorphous phase
FesoWso powder (original composition during milling. As  occurred before the abrasion started, at milling time of about
shown in Table I, the composition of the Jg&/s, powder 600 h. It is supposed that the Fe abrasion is due to the me-
changed to 78.5 at. % Fe, 16.0 at. % W, and 5.5 at. % Cr afterhanical property of the powder, i.e., hardness of the amor-
2000 h milling. For convenience, in the remainder of thephous phase.
text, figures and their accompanying captions, the powders

are cited by their original(nomina) compositions, i.e., C. Mechanical alloying of the Fe,Ws, powder blend
FesoWo0, FeroW3o, Fe&oWso and FegWg, Real composi- Figure 3 shows XRD patterns of the mechanically alloyed
tions can be obtained by referring to Table I. FesoWs, powder. For milling time less than 50 h, the milling

product is a mixture of W and Fe-rich solid solutions. The

positions of the W peaks do not change upon milling, but the
ll. RESULTS peaks are broadened and weakened. The Fe peaks shift to
lower angles, rapidly weakened and broadened. After 100 h
milling, an amorphous phase is formed on the expense of W

Figure 1 shows XRD patterns of the milledgg\@&/,o pow-  and the Fe-rich bcc solid solution. Afterwards the situation is

der for selected milling times. For increasing milling time, similar to the Fe,W;, powder, but the onset time for amor-
the positions of the W peaks remain unchanged, but theiphization is much earlier than that for the f#&/5, powder.
intensities decrease upon milling while the Fe peaks shift t;Amorphization in this sample occurs only after 100 h mill-
lower angles. After 1400 h milling, the W peaks completelying. An almost completely amorphous phase forms after
vanished, the intensities and the positions of the Fe peaks dics00 h milling. The abrasion also occurs during this process.
not change any more, indicating the formation of a Fe-richFrom Table | and Fig. 3 it is noticed again that the transfor-
solid solution. The grain size of the fgé/,, powder is re- mation to the amorphous phase occurred before the abrasion
duced to about 17 nm after 1400 h milling as derived fromstarted, at milling time of about 100 h. The Cr content due to
the width of the diffraction peaks by method of Williamson abrasion is 0.87 at. % after 100 h milling. However, it is also
and Hall*” These results indicate that W was dissolved intonot considered as the reason of the amorphization in the
the Fe. Little contamination took place during this process. Fe-W system.

A. Mechanical alloying of the FeoW,, powder blends
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FIG. 3. XRD patterns of milled RgWs, powder for selected sitions after mechanical alloying for 600 h.

milling times. - . . . . .
milling time required to form the W-rich solid solutiai200

) ) h) and the Fe-rich solid solutiol400 h shows that the
D. Mechanical alloying of the FegW e, powder blend formation of a W-rich solid solution is significantly faster
Figure 4 shows XRD patterns of the as-mixed and methan the formation of a Fe-rich solid solution. Little Fe abra-
chanically alloyed FgWg, powder for selected milling sion took place in this process and it is considered as it is due
times. It can be seen that the intensities of the Fe peak® the softness of the Fe-W solid solution powdétise
decrease rapidly upon milling and disappear after 50 h millmilled FeW,, and the FgWgg), which can be felt by
ing. The W peaks are broadened due to reduction of graihands. In addition, the particles of the Fe-W solid solution
size and increase in internal strain. In addition, the Fe peakgowders look fine, but the particles that with amorphous
shift to higher diffraction angles upon milling time indicative phase are coard¢he milled FgyW;, and the FgsWs).
of some dissolution of Fe into the W. No observable change
takes place in peak positions and widths of the XRD patterns
after 200 h milling. This suggests that a bcc W-rich solid
solution is formed after 200 h milling. The lattice parameter The mechanically alloyed Fe-W powders were investi-
of the W-rich solid solution decreases from 0.3165 nm togated by DSC, in combination with subsequent x-ray diffrac-
0.3123 nm as derived from the shift of x-ray diffraction tion analysis. All DSC measurements were carried out at a
peaks, and the grain size of the solid solution is reduced toonstant heating rate of 20 K/min. DSC traces of the me-
about 20 nm as derived from the width of the diffraction chanically alloyed FgW,q, FeoWsg, FeoWso, and FgoWgg
peaks by the method of Williamson and HHlIThese results powders milled for 600 h are displayed in Fig. 5.
indicate that Fe was dissolved into the W. Comparison of the The DSC trace of the g,y sample exhibits two major
exothermal peaks at approximately 650 °C and 88%Fig.
5). The corresponding XRD pattefifrig. 6) shows that the

E. Heat treatment of the mechanically alloyed Fe-W samples

—

- FeyoWgq

pa i bcc solid solution decomposes into an amorphous phase and
- ® beo a Fe-rich solid solution upon heating to 740°C, and then
as-mixed crystallizes into theu-Fe;Wg at 885 °C(Fig. 6). A support
o I I for the presence of an amorphous phase was provided by the
A S 2 investigation of the transformation behavior towards equilib-
12h rium in the DSC measurements, which showed that this

transformation takes place in a rather narrow temperature
range, a feature that is characteristic of crystallization of an
50h amorphous phase, or characteristic of usual nucleation-and-
/\ n A\ ~ growth processes in general. In another work we showed that
* S00h inverse melting in the Fe-W system, which demonstrated a
A . A . polymorphous transformation from the solid solution to a
complete amorphous phase with the compositions of
Fe,0Wso and Fg,Wa3 by cosputtering and annealif For
further conformation TEM observation is needed. The small

FIG. 4. XRD patterns of milled FgW,, powder for selected exothermal peak at 767 °C results from the baseline and cor-
milling times. responds to the magnetic transformation of Fe in the baseline

Intensity

30 40 50 60 70 80 90 100
20 (°)
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FIG. 6. XRD patterns of milled RgWg, powder after heating to 20 (°)
selected temperatures.
P FIG. 8. XRD patterns of milled and heated,p#&,, powder.

run. (The Curie temperaturg; of pure Fe is 770 °CYand is kJ/g atom, respectively. These enthalpy values are important
not markedly affected by the W contefit?) 9  1esp - : Py P
. . . for the thermodynamic calculations of the Fe-W system.
Figure 7 gives XRD patterns of the milled and heated The EeW.. samole displavs two broad exothermal heat
Fe,oW3, powder. The DSC scan and the XRD patterns of the ©0Weo P play

FeWao powder show that during heating up to 1200 °C thereleases in the DSC scan between room temperature and

amorphous phase first structurally relaxes, subsequently Fe 15200 “C. Integration of the signal gives the values of 5.5 and
P P y ! q YyrePe kJ/g atom for the first and the second broad peaks, re-

precipitated and finally the- Fe;Wg phase is formed.

P . spectively. Figure 9 shows XRD patterns of the milled
As shown in Fig. 5, the DSC trace of the /s, speci FeoWgo powder after heating to selected temperatures in the
S

men exhibits three exothermal peaks at approximatel;b C. XRD of a sample heated up to the end of the first

610°C, 775°C, and 840°C, respectively. Figure 8 show% o . .
. X road peak950 °Q shows that the peaks of the W-rich solid
XRD patterns of the milled FgWso powder after heating to i shift to lower angles and become narrow and sharp,

?f;f‘gﬁ)iée?%%agﬁ;?l' Z;E;]ge h:rig?ghl;psto Z]gmse@strrthc? - indicating the precipitation of Féor Fe-rich solid solution
allll relaxes ;(nd artiallp decom osegto LIj:e F:smd W-ric?h :olicirom the W-rich solid solution and the grain growth during
y P y P his process. Since the amount of precipitant Fe and its grain

solution. The formation of thé-FeW compound and precipi- size are small, the Fe peaks cannot be detected in the XRD

tation of Fe occur upon heating to 770 °C, and this procesg s
. ' o . ; attern. Furthermore, the heat release of the first §bak
continues upon heating to 800 °C. The third peak is related t J/g atom is too large for the relaxation and grain growth, so

chemical ordering off-phase. The formation of-phase in- . o
stead ofu-phase in the ReWs, powder is likely due to the it can be concluded that around 800 °C the supersaturated

high Cr content in the RgWs, powder. The enthalpies asso-

ciated with the second and the third peaks are 2.8 and 2.1 FesoWso .ow
o p-Fe, Wy
FesoWao g l\Q/e as-milled, 600 h
® Fe-rich bee A
. o p-Fe,W, AN
.o milled for 600 h 2
.e - 2 950 °C
] [)
2z = A
g 750 CO [} IS A
c *
- o
1200 °C .
1200 °C
* *
<
e | 1
30 40 50 60 70 80 90 100
30 40 50 60 70 80 90 100 26 (°)

26 (%)
FIG. 9. XRD patterns of the EgN,y powder after heating to
FIG. 7. XRD patterns of milled kgWs, powder after heating to  different temperatures. The bcc solid solution decomposed into an
selected temperatures. amorphous phase and Fe at 740 °C and 800 °C.
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0 20 40 60 80 100 FIG. 12. The enthalpies of the metastable and the stable phases
Fe W concentration (at.%) w of the Fe-W system at =300 °C. The bcc phase is taken as en-

thalpy reference state.
FIG. 10. Phase diagram of the Fe-W system calculated by the
CALPHAD method. milling conditions and on the properties of the powder the
solution decomposes into a W-richer and a Fe-richer Solut_empgrature rise at interfaces of powder particles during the
! e . collision process can amount up to several hundred degrees.
tions. The equilibrium compound-FeW, forms during the . Thereby, interdiffusion can occur at the interface, if a driving
second exothermal process, and the enthalpy of reactiofy -« for a reaction exists. For the Fe-W composite,

amounts to 1.6 kJ/g atom. =300°C is considered as a typical interface temperature
) during ball milling. Figure 12 demonstrates that the Fe-W
F. The CALPHAD calculation results system exhibits a positive heat of mixing for the bcc solid

The thermodynamic functions of the Fe-W system are desolution with a maximum value of-11.7 kJ/g atom at the
termined by the CALPHAD method. The calculations areconcentration of 46 at.% W, ang¢11.5 kJ/g atom at the
based on data of the equilibrium phase diagram, availablequiatomic concentration. Figure 13 shows the Gibbs energy
thermodynamic data from the literature, and the heats o¢urves of the bcc and the fcc solid solutions, the amorphous
transformation determined in this work by DSC. The mag-phase,u-Fe,Wg and 5-FeW compounds at the same tem-
netic contributions are also considered in present evaluatiopperature (300 °Q. The Fe-W system exhibits a positive

Figure 10 represents the calculated equilibrium phase digsibbs energy of formation for the amorphous phase with a
gram of the Fe-W system. Figure 11 shows an interestingninimum value of 4.1 kJ/g atom at the concentration of 24
phenomenon of the Fe-W system: the heats of mixing of th&t. % W. Figure 13 indicates that there is no thermodynamic
liquid phase change their sign from positive to negative as &riving force to form either a concentrated solid solution or
function of temperature. This phenomenon was first discovan amorphous phase from the elemental components. At
ered in the immiscible Nb-Cu systethand is explained in 300 °C, the Gibbs energy curves of the bcc and the amor-
terms of the tight binding model of the electron theory. Thephous phases intersect at the concentrations of 17 and 42
change of the sign of the heats of mixing of the liquid di- at. % W. In this concentration range the Gibbs energy of the
rectly relates to the negative heat of mixing of the amor-amorphous phase is lower than that of the bcc phase, i.e., the
phous phase, since the amorphous phase is taken as the @morphous phase is energetically preferred over the bcc
dercooled liquid phase below the glass transition. Figure 12

shows the enthalpies for the corresponding phases at 300 °C. 20.0 ; . .
Modeling of the milling process shows that depending on the T=300°C amorphous foo
1501
10} 10.0f
o
=2
X
< 50!} bee
° g B
S e g pFeWex T B
i 10 0.0
e &FeW
< 5.0 ' NI S s
20} 0 20 40 60 80 100
W concentration (at. %)
=30, 20 20 60 80 100 FIG. 13. The Gibbs energies of the metastable and the stable

phases in the Fe-W systemTat 300 °C. The bcc phase is taken as
Gibbs energy reference state. The dashed libgand(2) are com-

FIG. 11. Heats of mixing of the liquid phase at different tem- mon tangents between the amorphous phase and the Fe-rich or
peratures, calculated by the CALPHAD method. W-rich bcc solid solution, respectively.

W concentration (at.%)
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phase. However, the maximum difference of Gibbs energies
between the two phases only amounts to about 2.4 kJ/g atom.
This may explain why in the Fe-W system it is not easy to
get a single amorphous phase. Usually the amorphous phase
and the bcc phase coexist in milled powders within this con-
centration range.

IV. DISCUSSION

grain boundary

From the results’ section it is summarized that amorphous domain boundary
phase and solid solutions form by MA although these phases o ] o
exhibit positive Gibbs energy of formation, and therefore no FIG. 14. Schematic diagram of the grains and domains in milled
driving force for alloying exists from the elemental compo- F&-W powder.
nents. So the results should be discussed by the combination _ _ : i
of the thermodynamics of the system and the mechanisms of - The mechanism O.f phase formation by mechanical alloying
MA. in the Fe-W system

The maximum equilibrium solid solubility of Fe in W is
A. Thermodynamics of the Fe-W system 2.6 at. % Fe at 1637 °C, and it is below 1 at. % at 506°@.
_ ) contrast, the solid solubility was extended by mechanical al-

From the equilibrium phase diagram and the CALPHAD |oying to at least 20 at. % W in Fe, and Fe in W. This cor-
results, an equilibrium compound;FeW exists which ex-  resnonds to an increase in the Gibbs energy of 5.3 kJ/g atom
hibits a negat_lve_(ho_wever smaljl heat of format|on(—6._4 and 3.0 kJ/g atom aT=300°C, respectively. How these
kJ/g atom. This indicates that Fe and W atoms are slightly energies are stored in a system before alloying occurs is an
attractive, since the heat of formation of the compoundynortant aspect of the mechanism of MA. In previous work
mainly originates from a phgmlcal contnbu'f'lom('lc.hen) 10 it was explained by grain refinement during milling. The
the enthalpy. This res_ult is m_agreement with a S|mpl_e elec-energy stored in grain boundaries was suggested to provide
tron band model, which predicts the heats of formation fofine main driving force for the formation of supersaturated
the transition metal alloys at equiatomic composifidf!As  sgjid solutions.
the total enthalpy c_)f mi_xing is the sum of a chemical a_nd @ |n the Fe-W system, the typical grain size after long mill-
structural contribution, i.eAH=AHcemt AHgy, the posi-  jng times is about 20 nm. The enthalpy stored in the grain
tive heat of mixing for the bcc solid solution in the Fe-W poyndaries can be estimated by assuming a cubic grain size
system originates mainly from the structural contrlbutlonand using the formula Hy=30,V,,/D. o is the interfacial

(AHg,). Due to the large atomic size mismatchr(r . .
=9.8%), AHg, is mainly determined by the elastic enthalpy, energy.of the .gram boupdarles of the element_al '_:e and W
crystallites which we estimate to be 0.5-1.0 2/, is the

i.e., AHg,=AH,. ThereforeAH, for solid solution can be

estimated by classical elasticity theory using the “sphere an@Verage molar volume, arld is the grain size. Using these

hole” model, and an expression for the elastic enthalpy peyalues, an excess enthalpy of 0.6—1.3 kJ/g atom is obtained.

mole of solute metah in matrix metalB is given by>2® This demonstrates that the excess enthalpy stored in the grain
boundaries is far from enough to provide the driving force
2K apeg(Vg— V)2 for the formation of the Fe-W solid solution and the amor-
AHg(A in B)= (1) phous phase.

3KaVe+4ugVa Therefore, we propose here a new model for alloy forma-
where uug is the shear modulus of the host, the bulk tion by MA in the Fe-W system, which is based on the model

: 14
modulus of the solute metal/, andVy are the molar vol- ©f coherent composites developed by Gesttal,™ however
umes ofA andB atoms considering the correction for Chargecongders the elastic contribution of the atomic size mis-
transfer effect. If the molar fractions of solute and solventMatch as discussed above. In this model, it is proposed that

metal are included, the elastic enthalpy is expressed by ~ coherent interfaces between Fe and W components form
upon continuous deformation by milling, and an elastic con-

AH =X Xe[ XgAH(A in B)+X,AHy(B in A)], tribution to the entha!py _arise_s from the co_herent i_nterface_s
(2)  dueto the large atomic size mismatch. The interfacial chemi-
cal energy and the elastic energy at the domain boundaries
whereX, and Xg are the atomic fractions of componemts  should provide the driving force for the formation of Fe-W
andB in the alloy. Thus the elastic contribution AdHg, due  solid solutions and amorphous phases. We suggest that dur-
to the atomic mismatch in the equiatomic solid solution ising milling grains (of typical size of 20 nm are formed
derived to be 9.0 kJ/g atom without considering the temperawhich consist of very small coherent Fe and W elemental
ture effect on the modulus to theH,. Therefore we will  regions (Fig. 14. This implies that the composition in a
assume as a reasonable approximation Atd.,is about  grain is not homogeneous. These small elemental regions are
2.5 kd/g atom and\Hg, amounts to 9.0 kJ/g atom, since termed domain&*?’ Such coherent elemental domains are
AH=11.5kJ/g atom for the equiatomic composition in thefrequently observed in multilayer films, when the interfaces
Fe-W systems. are coherent so that the grain sizes are larger than the layer
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thickness. Examples are Cuand also Fe/? multilayer  We thus arrive at)=2.1x10 21J for the bcc structure.

films. Using Masbauer spectroscopy, chemically heterogeConsidering a concentration difference of two pure elements
neous zones, with unalloyed Fe and W, were indeed deducest Ac=1 for interfaces between pure elements, the chemical
to persist during mechanical alloying of ball milled contribution to the Fe/W interfacial energy amounts to
FesoWso. 2° Furthermore, the direct experimental evidenceq . =0.05J/m. Interfacial areaS changes upon overall
for the occurrence of such elemental domains within thecomposition and size of domains. For the compositional de-
grains of the milled Cu-Co powder blends has also beempendence, the interfacial areof unlike domains has a
presented recentf}y. The Gibbs energy of such chemically maximum valueS,, at equiatomic composition for a certain
inhomogeneougcompositg grains consists of two contribu- domain sized. ThereforeSis a function of composition and
tions: first, the chemical contribution related to difference indomain sized. If distribution of unlike domains is ordered
concentration across the coherent interfaces, and homogeneous, the area of interfaces amounts$ to
AHEOM_ S 3 .=2XBSma-X=2?(B3/d (per unit vplumé, whereXg is the frac-
chem chems tion of minority component, i.e.Xg<0.5. If Xg=0.5, we
whereSis the interface area of per gram atom composite andiave S=2X,Sax. Physically,X, is in the same manner as
oehem the interface energyper unit arey and secondly the Xg-
structural(elastio contribution which originates from atomic ~ The enthalpy related to the elastic strain of the coherent
mismatch across the interfaces, Fe/W interfaces is calculated based on E4. considering
E=207 GPa and 410 GPa for Fe and W, respectively, an
average value dt (308 GPafor the Fe/W interfaces is used.
Thus the elastic contributiodH due to the atomic mis-
match at the Fe/W interfaces is derived to be 12.3 kJ/g atom
for e=9.8%. It is noted that there is no strain in both Fe and
- v components before milling. During milling the Fe and W
andVy, is the average molar volume. components are deformed, the sizes become smaller and be-
The chemical contribution of the interface Gibbs energy,jow a certain size, coherent interfaces are supposed to form.
Tchems Can be calculated for systems with positive heats ofsimultaneously, strain arises from the coherent interface
mixing by using a simple pair interaction model developedwhich is spread in the domains over a certain distance. The

by Becker’' By neglecting entropy contributions, the inter- fraction of strained volume in the composite is estimated for
face energy thus scales with the square of the concentratiqtybic domains of sizel and volumeVy=d* by

difference across the interfacAc, and the pair exchange

1
AHg=3E€?Vp, (4)

whereE is the Young’s modulus of elasticity, is the strain
that originates from atomic mismatch across the interface

energy(), which is positive in systems with positive heats of AVyq 3d2 3l
mixing: _Vd “F T a (7
O chen=NsZsQAC?, (5 with 1(<d) being the length of strain region perpendicular

wheren, is number of atoms per unit area at the domaint© the coherent interfacekis assumed to be 1 nm, since in
S

boundary and, is number of nearest neighbor bonds acros<aS€ of very large strain, misfit dislo_cations at the coherent
the boundary per interfacial atom. The pair exchange energ nterfac_es will release part of th_e strain. Considering the con-
required to calculate the interface Gibbs energies can be d&€ntration dependence of the interface aise abovethe
termined from the thermodynamics of the system by theelastic qontrlbutlon to the excess enthalpy of the elemental
CALPHAD method. For the Fe-W system, the chemical con-COMPOSite can be expressed as
tribution to the heat of mixing of the bcc solid solution at AV, S 1
equiatomic composition at the temperature 300°C is as- AHCFmp=—d——EeZVm. (8)
sumed to be 2.5 kJ/g atorfsee above Using Becker’s ¢ Va Smax2
model we consider a representati(L0) plane for a bcc
structure, where there are 3/2 atoms per unit cell at1i€)
plane.ng can be cgllculated by considering the area of th
(110 plane (=v2ag) and using an averaged lattice con- Vi
stant a,=0.30158nm of the W and Fe structure — AHCOMP— AHCOMPL A COmP GXB(VmUChemHAHe').
[=3/2(1#2a3)]. For the(110) interface there are two bonds d 9
per atom across the interfac&,&2). The pair exchange ©)
energy per atom and per bonf, is calculated from the Xg is the fraction of minority componentX, is in same
regular solid solution model by manner as<g as mentioned above. Then the critical size

AH of the domains below which the excess enthalpy exceeds the

chem

0= 6) Gibbs energy of alloy formatioM Gy, can be calculated
N nXAXB ' by

On the basis of this model, the excess enthalpy of the com-
é)osite is derived as

whereN is the Avogadro constanty is number of nearest EXo(V. 1A
neighbor atomgn=38 for bcc structurg andX, andXg are d.= B(VmO chem el
the atomic fractions of componen#s and B, respectively. AGyy

(10
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TABLE II. Calculation results of the chemical and elastic contributions to the coherent interfacial energy,

the critical sizes of the domains for the formation of the different Fe-W phases, and the milling times required
in the experiments.

Formed AGty AHZGIP AHZ™ de Milling
Sample phase (kJ/g at) (kJ/g at. % (kd/g at. % (nm) time (h)
FesoWao bcc 5.4 0.1 5.3 2.8 1400
FerWao bce 6.8 0.2 6.5 34
W+amor. 3.6 0.1 3.5 6.3 600
FesoWsg bcc 7.1 0.3 6.8 5.4
W+amor. 2.5 0.1 2.4 15.3 50-100
Fe,We bcc 3.0 0.1 2.9 5.1 200

Table Il gives calculation results of the critical sizes of thewith the experimental results, indicating that amorphization
domains, the chemical and elastic contributions to the coheiis thermodynamically favored in the Fe-W system, however
ent interfacial energy for the formation of the different the amorphous phase exhibits a positive heat of formation. A
phases with respect to different compositions. It also givesiew model for amorphous phase formation in systems with
the milling time to form these phases in the experiments. Th@ositive heats of formation is proposed based on the devel-
values of the critical sizes amount to typically several na-opment of coherent interfaces during mechanical alloying.
nometers and are in a reasonable microstructural range, suphe driving force for amorphous phase formation originates
porting the proposed model. The critical sizes for the formafrom the large elastic contribution to the excess enthalpy that
tion of different phases may explain why some phases ararises from coherent interfaces between elemental compo-
formed rapidly and some phases are formed sluggishly, e.gnents with different atomic sizes. The stored energy in the
the critical sizes of domains for the Jg&/go and the FgyW,,  grain boundaries only plays a minor role. By comparing the
solid solutions are 5.1 and 2.8 nm, respectively, the millingresults to those obtained in the Cu-Co system it can be con-
times required in the experiments are 200 and 1400 h, rezluded that for systems with small atomic size mismatch, the
spectively. Comparing the magnitudes of the chemical andiriving force primarily originates from the chemical contri-
elastic contributions, it can be concluded that the elastibutions of coherent interfacial energy. In these cases, solid
strain that originates from the coherent interfaces plays theolutions are frequently formed by MA, as observed in the
most important role in the phase formation of the Fe-W sysCo-Cu system. For systems with large atomic size mismatch,
tem by MA. In contrast, in the Cu-Co system which alsothe elastic contribution plays an important role in energy
exhibits positive heat of mixing for the solid solution, but hasstorage by MA. In these cases formation of amorphous
much smaller atomic size differen¢&%), the large excess phases are energetically preferred with respect to the forma-
energy stored by MA mainly due to the chemical contribu-tion of a solid solution as observed in the Fe-W system.

tion of the coherent interfacial energy of Cu/Co doméhs.
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