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Crystallization of metallic glasses under the influence of high density
dc currents

Troy B. Holland, Jörg F. Löffler, and Zuhair A. Munira)

Department of Chemical Engineering and Materials Science, University of California, Davis,
California 95616

~Received 7 July 2003; accepted 26 November 2003!

The effect of a dc current on the crystallization of Vit1A (Zr42.6Ti12.4Cu11.25Ni10Be23.75) and PCNP
(Pd40Cu30Ni10P20) metallic glasses was investigated. Samples were isothermally annealed with and
without the current, at 623 and 577 K for the two glasses, respectively. Small-angle neutron
scattering analyses showed that in the absence of a current, the annealed Vit1A samples were
amorphous, but the imposition of a current enhanced the crystallization process, increasing both the
size and volume fraction of the crystallites. Similar general observations were seen for the PCNP
glass. Differential scanning calorimetry patterns of Vit1A samples indicate a lower thermal stability
of samples annealed with a current. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1642280#

I. INTRODUCTION

The crystallization and phase separation processes of
several bulk metallic glasses~BMGs! have been investigated
recently by various techniques including differential scan-
ning calorimetry~DSC!,1–3 x-ray diffraction~XRD!,1–3 elec-
tron microscopy,1,3,4 and small-angle neutron scattering
~SANS!.4–6 The role of diffusion in the decomposition
and/or nucleation and growth phenomena near the glass tran-
sition temperature,Tg , has been characterized and models
have been suggested.6 In all of these investigations crystalli-
zation and decomposition were effected by thermal means,
i.e., by annealing the samples typically at temperatures be-
tweenTg and the crystallization temperature,Tx1 . In prior
work, Matyja and co-workers used pulsed heating with a
current to effect crystallization. Since heating rate influences
the crystallization temperature, the authors concluded that
pulse heating creates a different condition than conventional
heating.7 The difference in the observed final microstructure
is, therefore, not directly related to the current but to the rate
of heating. Microstructural evidence provided by the authors
show that the structures of glasses heated by a pulsed current
and those heated conventionally are qualitatively identical if
the heating~and cooling! rates are taken into account.8 The
extent, if any, to which decomposition and crystallization can
be influenced by the nonthermal contributions of the current
is of fundamental and practical interest and is the topic of
this communication. The aim of this work is to investigate
the role of high-density dc currents on the crystallization of
two bulk metallic glasses~BMGs!. The selected BMGs ex-
hibit differing crystallization behaviors during isothermal an-
nealing. One undergoes decomposition before crystallization
on a nanometer length scale, while the other is thought to
crystallize by classical nucleation and growth.9 Since bulk

metallic glasses have a high resistance to crystallization, the
mechanism of devitrification can be studied on experimen-
tally accessible time scales.

The imposition of a current has an influence on mass-
transport processes and has been amply demonstrated in re-
cent investigations.10–13 Of special relevance to the present
work are recent studies on the effect of high-density currents
on the nucleation and growth of intermetallic layers in diffu-
sion couple experiments.12,13 It was shown that the imposi-
tion of dc currents increased the growth rate of the product
layers significantly. Furthermore, these results indicated that
the observed growth rate enhancement is not due to elec-
tromigration, implying the existence of other possible roles
for the current. Other possible effects which the current can
have include an increase in vacancy concentration, as has
been observed by Asoka-Kumar,14 or an alteration of the
diffusivity of the participating species, as has been proposed
recently by Zhanget al. and Zhouet al.15,16

Thus, the imposition of a high-density current can affect
crystallization in two possible ways: by increasing the flux of
the diffusing atoms or by lowering the energy barrier for
devitrification. Takemotoet al.have recently investigated the
effect of a dc current on the elastic properties of amorphous
alloys and concluded that the current results in enhanced
diffusion rates due to a cooperative diffusion mechanism.17

Although the detailed nature of the effect of the current on
the atomic processes in amorphous alloys is not
understood,17 the effect of the current on the crystallization
process as a whole is an intriguing possibility and it is the
subject of this communication.

II. PROCEDURE

The effect of a dc current on crystallization was investi-
gated on two metallic glasses: Zr42.6Ti12.4Cu11.25Ni10Be23.75

~Vit1A, a derivative of Vit1 that has the composition
Zr41.2Ti13.8Cu12.5Ni10Be22.5) and Pd40Cu30Ni10P20 ~PCNP!.
The Vit1A samples were supplied by Howmet~Whitehall,
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MI !. The Pd-based glass was prepared by induction melting
of Pd, Cu73.4P26.6, Ni2P, and P in vacuum of 1023 mbar
inside a silica tube of 5 mm diameter, using B2O3 oxide flux,
and subsequent water quenching. The constituents used were
Pd metal pieces~99.95% purity!, Ni2P powder~99.5%!, cop-
per phosphorus shots~Cu:P; 85:15 wt %!, and additional
phosphorus lumps~99.9991%!. Details of this synthesis are
provided elsewhere.9 These metallic glasses have a critical
cooling rate of 1 K/s~Vit1A ! or less ~PCNP!. Their high
thermal stability with respect to crystallization makes them
ideal for such an investigation, in addition to the fact that
these glasses have been well characterized in many other
experiments. The glass transition temperatures,Tg for Vit1A
and the PCNP glass are 628 and 582 K, respectively, for a
heating rate of 10 K/min.7 Also, Vit1A was chosen instead of
Vit1 because it has a higher thermal stability withDT5Tx1

2Tg597 K as compared toDT572 K for Vit1.18

The Vit1A glass sample was sectioned into rectangular
sheets with dimension of 3.2533.8030.5 mm. The PCNP
glass was sectioned into circular disks of 0.5 mm thickness
~5 mm diameter!. All samples were annealed for 210 min
with and without a dc current. The current densities utilized
were 0, 810, and 1620 A/cm2 for the Vit1A samples and 0,
509, and 1018 A/cm2 for the PCNP samples.

To separate the intrinsic effects of the current from that
of Joule heating, we utilized a specially designed apparatus.
It consists of two copper electrodes surrounded by a cylin-
drical furnace made from tantalum sheets cut in serpentine
design. Details of the apparatus are given in previous
publications.12,13The metallic glass samples were placed be-
tween the electrodes, and dc currents with the indicated den-
sities were applied. Copper foils, placed between the samples
and the electrodes, were added to ensure good contact. When
a current is applied, the temperature of the sample increases,
due to Joule heating up to a steady-state value for that cur-
rent density. Regardless of the level of current applied, this
temperature was always lower than the desired annealing
temperatures, 623 K for the Vit1A and 577 K for the PCNP
sample. The annealing temperatures were chosen to be;5 K
below the laboratoryTg values of the two glasses. The tem-
perature stabilized from Joule heating is;5 min, after which
the furnace was activated to achieve the target annealing
temperature. The annealing temperatures of 623 and 577 K
were controlled to within approximately62 K of the target.
Temperatures were measured using a shielded and grounded
type K thermocouple placed in direct contact with the center
of the samples. The thermocouple was calibrated by determi-
nation of the melting points of Zn and Sn.

III. RESULTS AND DISCUSSION

After annealing, the samples were analyzed by small-
angle neutron scattering~SANS! at the Paul Scherrer Insti-
tute ~Villigen, Switzerland!. Using a wavelength ofl56 Å
and sample–detector distances of 1.8 and 8 m, and 20 m in
the case of PCNP, theQ range covered was 0.1–3.5 nm21 for
Vit1A and 0.03–3.5 nm21 for PCNP (Q54p sinu/l, with
u5half the scattering angle!.

Figure 1 shows the SANS results of Vit1A after different

annealing treatments in a log–log presentation. After anneal-
ing the Vit1A sample for 210 min at 623 K in the absence of
a dc current, only a very small scattering contribution in the
low Q region is observed. This shows that the sample is
essentially amorphous after this heat treatment and still ho-
mogeneous in composition. In contrast, samples annealed at
the same conditions, but under the influence of a current,
exhibit a strong scattering contribution in SANS. This shows
that the imposition of a current has a strong influence on
phase separation and/or crystallization in metallic glasses.

For an analysis of the SANS data, we assumed the
SANS intensity to occur from spherical particles with log-
normally distributed particle diameters. In this case, the scat-
tering intensity is

S~Q,R!5~Dh!2E
R
Fp

2~Q,R!Vp~R!N~R!dR, ~1!

whereDh is the scattering length density contrast,Fp is the
particle form factor,Vp(R) is the volume of the~spherical!
particle, andN(R)dR is the incremental volume fraction in
the size interval betweenR and R1dR. Assuming a log-
normal distribution,N(R) can be parametrized by the ampli-
tudeA, width s, and positionR0 of the log-normal distribu-
tion ~see, for example, Ref. 19!. The three parameters are
obtained from fitting~see solid lines in Fig. 1! the scattering
curves with Eq.~1!. From the resulting log-normal distribu-
tion, a ~volume-weighted! particle diameter is obtained
which is 10 nm for the sample annealed with a current of 810
A/cm2, and 20 nm for the sample annealed with a current of
1620 A/cm2. The scattering invariantQ̃5*0

`Q2S(Q)dQ of
the sample annealed with 1620 A/cm2 is ;25% larger than
that of the sample annealed with 810 A/cm2. This shows that
the larger current affects not only the size of the crystallizing
particles, but also the overall volume fraction of the crystal-
line phase.

Figure 2 shows the SANS results of PCNP after anneal-
ing for 210 min at 577 K. As for Vit1A, annealing near the
glass transition only leads to a small scattering contribution
at low Q when no dc current is applied. In contrast, anneal-

FIG. 1. SANS intensity data of Vit1A annealed for 210 min at 623 K
without dc current~stars! and with dc currents of densities 810 and 1620
A/cm2, respectively. The straight lines are fits to the data, assuming the
SANS scattering to occur from spherical particles with log-normally distrib-
uted diameters.
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ing at the same conditions leads to a stronger SANS intensity
when the process was carried out in the presence of an ex-
ternal dc current. The log–log presentation of the sample
annealed with a current of 1018 A/cm2 ~inset! shows that the
SANS intensity mainly follows aQ24 law. The Porod expo-
nent of24 indicates that most of the structure information is
at very low Q, outside the resolution of the present SANS
experiment. Although no information can be given about the
crystal size~only that it is larger than 100 nm!, it is clear that
the crystallization behavior changes when an external current
is applied.

To obtain further information about the crystallization
behavior, we performed differential scanning calorimetry
~DSC! on samples processed and annealed in the same way
as the SANS samples. Figure 3 shows DSC scans performed
on Vit1A with a heating rate of 10 K/min. While the glass
transition withTg562563 K is the same within experimen-
tal error for the different annealing conditions, the crystalli-
zation behavior is obviously different. The sample annealed
without external current shows crystallization peaks centered
at 731 and 737 K, with the main crystallization peak being at

737 K. In contrast, the samples annealed with a current show
a lower thermal stability. The crystallization peaks are now
centered at 715 and 731 K, with the main crystallization peak
being at 731 K. Furthermore, the overall crystallization en-
thalpy of the sample annealed with a current of 1620 A/cm2

is 77.4 J/g, which is slightly smaller than that of the sample
annealed with 810 A/cm2 (DHcryst578.8 J/g). Similar obser-
vations are made in the PCNP case. While the glass transi-
tion does not change, modifications in the crystallization be-
havior are observed.

The present results show that current has a strong influ-
ence on the crystallization behavior of BMGs. When the al-
loy Vit1A, for example, is annealed with a dc current, the
SANS intensity increases by two to three orders of magni-
tude compared to that of a sample annealed in the absence of
a current. Such an increase in scattering intensity can only be
explained by crystallization of a significant volume fraction
of the amorphous phase. Indeed, the average crystal size de-
termined from SANS is 10 mm for a current density of 810
A/cm2 and doubles when the current density is doubled. Fur-
thermore, the crystal volume fraction increases by 25% after
increasing the current density from 810 to 1620 A/cm2.

Interestingly, the samples annealed with current show no
interference maxima, which is in contrast to SANS results on
samples annealed in the absence of current. In Vit1A, for
example, interference maxima, implying a phase separation
process on the nanometer scale, occur in a temperature range
between 603 and 643 K, when the samples are annealed for
15 h.18 Only at temperatures above 643 K do these interfer-
ence maxima vanish. Apparently, in the presence of the cur-
rent the glass crystallizes without a prior decomposition pro-
cess on the nanometer scale. Thus, the current has a similar
effect on crystallization as an increase in temperature.

While the sample annealed without current still shows
the DSC pattern of an as-prepared Vit1A sample~for the
latter, see Ref. 18!, the DSC patterns of the samples annealed
with current exhibit different patterns~Fig. 3!. The patterns
show that the thermal stability of the samples annealed with
a current is lower, with the first crystallization peak being at
715 K. Interestingly, the DSC patterns are now reminiscent
of those of as-prepared Vit1. This would imply that a
~Zr,Be!-rich crystalline phase has formed, shifting the com-
position of the remaining glassy matrix towards that of Vit1.
The phase Be2Zr is known to be one of the stable primary
phases that precipitate in Be-bearing Zr-based bulk metallic
glasses. The crystallization enthalpy calculated from the area
of the crystallization peaks decreased slightly when the cur-
rent density is increased. This shows that additional crystal-
lization occurs when the current density is increased, in
agreement with our SANS data.

As observed earlier,9 PCNP forms micrometer-sized
crystals even in the deeply undercooled liquid regime and
does not decompose on the nanometer scale. In this case,
SANS can only give qualitative results on the current-
induced crystallization behavior. The strong increase of the
SANS intensity at lowQ shows, however, that the current
also influences the crystallization in Pd-based alloys.

FIG. 2. SANS intensity data of Pd40Cu30Ni10P20 annealed for 210 min at 577
K without dc current~stars! and with dc currents of densities 509 and 1018
A/cm2, respectively. The log–log representation in the inset illustrates the
Q24 dependence of the scattering intensity.

FIG. 3. DSC scans performed with a heating rate of 10 K/min on Vit1A
annealed for 210 min at 623 K without dc current and with dc currents of
densities 810 and 1620 A/cm2, respectively.
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IV. CONCLUSIONS

In summary, we have shown that current has a large
influence on the volume fraction and crystal size in metallic
glasses. High current densities facilitate crystallization. This
may be a kinetic effect, since the current may increase the
flux of the diffusing atoms, or a thermodynamic effect, since
the current may increase the free volume in the glass. For
certain applications, composites consisting of crystals in a
glassy matrix are preferred over monolithic glass. The disad-
vantage of low plasticity of glassy alloys can, for example,
be alleviated by the production of two-phase microstructures
consisting of a ductile reinforcement material in a glassy
matrix.20 In many cases, crystallization results, however, in
the formation of intermetallic phases that lead to an em-
brittlement of the alloy~see, for example, Ref. 21!. The
present method of crystallization by using high dc currents
may be an alternative way of obtaining nano- or microcom-
posites with desired properties.

ACKNOWLEDGMENTS

The SANS measurements were performed at Paul Scher-
rer Institute, Villigen, Switzerland together with V. Aswal.
This work was supported by the Army Research Office
~ARO!.

1B. S. Murty, D. H. Ping, K. Hono, and A. Inoue, Acta Mater.48, 3985
~2000!.

2V. I. Tkatch, A. M. Grishin, and S. I. Khartsev, Mater. Sci. Eng., A337,
187 ~2002!.

3Z. Zhang, L. Xia, R. J. Wang, B. C. Wei, M. X. Pan, and W. H. Wang,
Appl. Phys. Lett.81, 4371~2002!.

4S. Schneider, P. Thiyagarajan, and W. L. Johnson, Appl. Phys. Lett.68,
493 ~1996!.

5U. Gerold, A. Wiedenmann, U. Keiderling, and H. J. Fecht, Physica B
234–236, 995 ~1997!.
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