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Synthesis of non-equilibrium phases in immiscible metals
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Abstract The structural changes in mechanically mixed
metals of immiscible combinations of elements caused by
bulk mechanical alloying (MA) through the use of high
pressure torsion (HPT) were investigated in Ag—Ni and
Nb—Zr systems. There was no alloying between Ag and Ni
on atomic scale even after 100 rotations of HPT. On the
other hand, the f-Zr phase started to appear after HPT 2
rotations in the Nb—Zr system, even though f-Zr is a high
temperature phase. Further, Nb and Zr were completely
mixed to form a bce structured single phase after HPT 100
rotations. The sequence of alloying in the Nb—Zr system
during HPT was discussed. These results clearly suggest
that non-equilibrium phases can form in the Nb—Zr system
by bulk MA by the use of HPT.
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Introduction

Non-equilibrium phases such as supersaturated solid
solutions and amorphous (or glassy) phases are usually
synthesized by rapid solidification methods. However, only
small pieces, thin films, or ribbons can be produced by
these methods because rapid quenching is necessary in
order to obtain such non-equilibrium phases through the
solidification route. Meanwhile, mechanical alloying (MA)
can also produce non-equilibrium phases and alloys of
various kinds [1-6]. The technique is most suited for
synthesis of alloys from immiscible elements, i.e., those
that cannot be alloyed by melting and casting methods [7].
In many cases, MA has been carried out by ball milling of
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powders. The products obtained by MA are, however,
limited to fine powders. Recently, severe plastic deforma-
tion (SPD) processes such as accumulative roll bonding
(ARB) and high pressure torsion (HPT) have been devel-
oped [8, 9]. Although SPD processes are originally used
to produce bulk nanostructured metallic materials, they can
also be used for MA [10, 11]. MA by the use of SPD
processes can produce non-equilibrium phases in bulk
shapes. In this study, HPT was used for mechanical mixing
of two kinds of elements that are immiscible at room
temperature under equilibrium conditions. HPT is a process
of imposing torsional strain on the specimen under several
GPa of compressive pressure, which can achieve huge
equivalent strains. Thus, it is considered possible to
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Fig. 1 Phase diagram of Ag—Ni system [13]. The arrow attached to
the upper horizontal axis indicates the average composition of the
Ag-Ni couple used in this study
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Fig. 2 Phase diagram of Nb—Zr system [14]. The arrow attached to
the upper horizontal axis indicates the average composition of the
Nb-Zr couple used in this study

synthesize new bulk non-equilibrium phases by MA
through the use of HPT.

In this study, Ag—Ni system and Nb—Zr system were
selected as the combinations of two immiscible elements.
The mixing enthalpy of Ag-Ni system is 415 kJ mol™'
[12], which is a relatively large positive value, and that of
Nb—Zr system is +4 kJ mol ' [12], which is a relatively
small positive value. Both the systems are phase separating
type at ambient temperature and pressure according to
the phase diagrams shown in Figs. 1 and 2 [13, 14]. The
structural changes in mechanically mixed metals of
immiscible combinations of elements by bulk MA through
the use of HPT have been investigated and the results are
reported in this article.

Experimental procedure

Pure Ag (99.98% purity), pure Ni (99.997% purity), pure
Nb (99.9% purity), and pure Zr (99.2% purity) plates with
1 mm thickness were cut into semicircles with 10 mm in
diameter using an electric discharge machine. The semi-
circular plates were then mechanically polished down to
0.65 mm in thickness. In both the systems, a semicircular
plate of each of the constituent elements was contacted
with one another to be a disk shape. Figure 3 shows the
appearance of the specimen for HPT process in the Ag—Ni
case. The average compositions of the whole specimens
calculated from the volume fraction are indicated by the
arrows attached to the upper horizontal axis in Figs. 1 and
2. The specimens were processed by HPT at ambient
temperature to different number of rotations N = 2, 10, 20,
and 100, separately. Figure 4 shows the schematic illus-
tration of the HPT process. During the HPT process, the
upper anvil does not move while the lower anvil rotates at a
rotation speed of 0.2 rpm, imposing torsional strain on the
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Fig. 3 The appearance of the specimen for HPT process in the
Ag—Ni case
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Fig. 4 Schematic illustration of HPT process

specimens under an applied pressure of 5 GPa. The tem-
perature of the specimens during HPT was measured and
the increase in temperature was less than 10 K. Therefore,
any thermal effects on the specimens can be neglected.

After HPT process, the specimens were cut into two
semicircles. Vickers hardness measurements were made
with an applied load of 0.98 N for 10 s on the cross-
sections of the HPT processed semicircular specimens,
as-received materials and specimens that were just com-
pressed at 5 GPa of compressive pressure (as-compressed
specimens). X-ray diffraction (XRD) with Cu-Ku radiation
was carried out on the HPT processed specimens to iden-
tify the phases present. The unit was operated at 45 kV and
40 mA in a scanning step of 0.017°. For XRD analysis the
specimens were mechanically polished to obtain flat sur-
faces. Microstructural observation was conducted on the
Nb-Zr specimens after 2 and 100 rotations of HPT by
transmission electron microscopy (TEM), and the chemical
compositions of the specimens were also analyzed by
energy dispersive X-ray spectrometry (EDX). For TEM
observation, thin films with about 100 nm in thickness
were cut by using focused ion beam (FIB) from the cross-
section of the HPT processed semicircular specimens about
3.5 mm away from the center.

Results

Figure 5 shows the Vickers hardness distribution measured
on the cross-sections of the Ag—Ni specimens. The Vickers
hardness of the as-received Ag and Ni were both about 60
HV, and the hardness values of the as-compressed Ag and
Ni were about 80 and 160 HV, respectively. This indicates
that strain-hardening in Ni is much larger than that in Ag in
the as-compressed specimen. The hardness values of the
Ag phase in the HPT processed specimens remained
unchanged even though the number of rotations or the
distance from the center increased, while those of the Ni
phase increased with increasing the distance from the
center, and then saturated to the hardness value of about
300 HV. In the N = 20 specimen, the hardness values
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Fig. 5 Vickers hardness distribution of the Ag—Ni specimens

increased as the measured points located farther from the
center, but less than those of the Ni phase. On the other
hand, the hardness values of the N = 100 specimen
exceeded the saturation value of Ni at all the measured
points.

The Vickers hardness distribution in the Nb—Zr speci-
mens is shown in Fig. 6. The hardness values of the
as-received Nb and Zr were about 70 and 190 HV, respec-
tively, and those of the as-compressed specimens reached
to about 120 and 200 HV, respectively. The hardness
values of both Nb and Zr in the HPT processed specimens
increased with increasing the distance from the center, and
then reached the saturation values of about 270 HV in Nb
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Fig. 6 Vickers hardness distribution of the Nb—Zr specimens
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and 390 HV in Zr. However, the hardness values at the
fringe of the N = 10 specimens exceeded the saturation
value of Zr, and the N = 20 and 100 specimens also had
higher hardness values than the saturation value of Zr along
the cross-section of the entire specimen.

Figure 7 shows the XRD profiles of the Ag—Ni speci-
mens deformed by HPT to various rotations. In the Ag—Ni
system, peaks of both Ag and Ni were detected in all the
HPT processed specimens regardless of the number of
rotations, and there was also no change in the positions of
the diffraction peaks. This result suggests that Ag and Ni
did not form alloys even after HPT 100 rotations.

Figure 8 shows the XRD profiles of the Nb—Zr speci-
mens deformed by HPT to various rotations. In the Nb—Zr
system, peaks of bce-Zr (f-Zr) were detected as well as
those of Nb and hcp-Zr (a-Zr) in the N = 2 specimen,
though it should be emphasized that -Zr is a high tem-
perature phase in the equilibrium phase diagram (Fig. 2).
With increasing numbers of rotations, peaks of o-Zr grad-
ually disappeared, and new peaks began to appear between
the peaks of Nb and f-Zr in the N = 20 specimen. Even-
tually, in the N = 100 specimen a fully bcc structured
single phase was obtained, whose lattice parameter was
0.345 nm. This result indicates that a metastable super-
saturated solid solution of Nb and Zr with a bcc structure
has formed at room temperature after HPT, even though a
mixture of two phases (a-Zr and Nb) is expected to be
present under equilibrium conditions. Thus, it can be
concluded that non-equilibrium phases have been synthe-
sized in the Nb—Zr system by MA through the use of HPT
process.

The microstructure near the Nb/Zr interface in the
Nb-Zr N = 2 specimen was observed by TEM. Figure 9a
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Fig. 7 XRD profiles of the Ag—Ni specimens deformed by HPT to
various rotations
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Fig. 8 XRD profiles of the Nb—Zr specimens deformed by HPT to
various rotations

shows the bright field image of the observed area, in which
the Nb/Zr interface can be easily distinguished because of
the remarkable difference between the microstructures of
Nb and Zr. Figure 9b shows the selected area electron
diffraction (SAED) pattern taken from the Zr area circled
in broken lines in Fig. 9a. In Fig. 9b, quarter circles drawn
in broken lines at the upper right and lower right of the
figure show the diffraction patterns of o-Zr and p-Zr,
respectively. Diffraction spots of o-Zr were clearly
observed, and in addition to them, those of -Zr could also
be found in the figure. The chemical compositions at the
Nb and Zr areas were analyzed by EDX and the results are
shown in Table 1. The chemical composition of each area
was almost the same as that of the pure metals, which
indicates that Nb and Zr were scarcely mixed even near the
Nb/Zr interface in the N = 2 specimen.

The microstructure of the Nb—Zr N = 100 specimens
was also observed by TEM. Figure 10a and b show the
bright field image and corresponding SAED patterns of the
specimen, respectively. Semicircles drawn in broken lines
in Fig. 10b indicate the diffraction patterns of the bcc
structure. Ultrafine grained structure with grain sizes of less
than 100 nm was observed in the area. In Fig. 10b, most of
the diffraction spots corresponded to the bcc diffraction
rings drawn in the figure. Chemical compositions at three
different points indicated in Fig. 10a are shown in Table 2.
The points analyzed by EDX were selected from different
grains. The result of the chemical composition analysis
indicates that Nb and Zr were fully mixed to almost the
same atomic fraction at every point. Thus, this ultrafine
grained supersaturated solid solution formed by bulk MA
through HPT is considered to have homogeneous chemical
composition at microscopic level.
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Zr area

Fig. 9 a TEM bright field image near Nb/Zr interface and b SAED
pattern of the Zr area circled in broken line in the N = 2 specimen.
Quarter circles drawn in broken lines at the upper right and lower
right of the figure show the diffraction patterns of o-Zr and f-Zr,
respectively

Table 1 Chemical compositions measured by EDX at Nb and Zr
areas in the N = 2 specimen

Area (at.%)

Nb Zr
Nb 97.3 2.7
Zr 19 98.1
Discussions

In this article, it was clarified that a supersaturated solid
solution can be synthesized by bulk MA through HPT
process in the Nb—Zr system, which consists of immiscible
combination of elements at ambient temperature and

@ Springer

50 nm

Fig. 10 a TEM bright field image and b corresponding SAED pattern
of the N = 100 specimen. Semicircles drawn in broken lines show the
diffraction patterns of bcc structure

Table 2 Chemical compositions measured by EDX at three different
points in the N = 100 specimen shown in Fig. 10a

Point (at.%)

Nb Zr
Point A 52.2 47.8
Point B 52.4 47.6
Point C 51.7 48.3

pressure. The bcc structured supersaturated solid solution
obtained after 100 rotations of HPT had a lattice parameter
of 0.345 nm. Based on the Vegard’s law and by the use of
the lattice parameters of Nb (a = 0.330 nm) and f-Zr
(a = 0.357 nm) [15], the measured lattice parameter of the
bee solid solution should correspond to a chemical com-
position of Xy, = 43 at.% and Xz = 57 at.%. This cal-
culated composition is different from the composition
measured by EDX (Xnp, = 52 at.%, Xz, = 48 at.%) or the
average composition of the whole specimen (Xn, = 56
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at.%, Xz, = 44 at.%). The lattice parameter of the bcc
phase was larger than the expected values calculated from
the compositions measured by EDX or the average com-
position of the whole specimen. This can be attributed to
the interaction of Nb atoms and Zr atoms in the Nb—Zr
solid solution. Vegard’s law assumes ideal solutions which
do not have any interaction between the atoms, and con-
sidering that Nb—Zr system has a positive heat of mixing,
Nb and Zr have some interaction to expand the lattice of
the solid solution, making the lattice parameter larger than
the calculated value from Vegard’s law.

On the other hand, no alloying was recognized in the
Ag-Ni system even after HPT 100 rotations. The differ-
ence between the Ag—Ni and Nb—Zr systems in the for-
mation ability of alloys may be attributed to the difference
in the values of the mixing enthalpy. The mixing enthalpy
of the Ag-Ni system is +15 kJ mol™', which is much
larger than that of the Nb—Zr system, +4 kJ mol~'. There
is a possibility that the difficulty in mixing of two kinds
of immiscible elements on atomic scale is significantly
affected by the value of mixing enthalpy.

The relationship between the formation of S-Zr and
progress of mixing of Nb and Zr was investigated by EDX
and SAED analysis on the N = 2 specimen. From the EDX
measurement shown in Table 1, it can be seen that Nb and
Zr were scarcely mixed even near the Nb/Zr interface at
N = 2. On the other hand, diffraction spots of f-Zr could
be detected in Fig. 9b which shows the diffraction patterns
of the Zr area. Therefore, it is supposed that f-Zr had
formed first in o-Zr during HPT process, and then the
mixing of Nb and Zr occurred in the bee phase. It is known
that f-Zr can be obtained by applying a large hydrostatic
pressure to o-Zr as well as by the application of high
temperature [16]. However, the transition pressure is
reported to be around 30 GPa, which is extremely higher
value than the compressive pressure applied during HPT
process in this study. It is reported by Pérez-Prado et al.
that 5-Zr phase can also be obtained in HPT processed pure
Zr [17-19]. Our result supports the previous studies by
them, in which the shear induced hcp to bec transformation
in pure Zr by HPT was experimentally observed.

In addition to the structural analysis by XRD and SAED,
mechanical properties of the HPT processed specimens
were investigated by Vickers hardness measurement. In the
Nb—Zr system, the N = 20 and 100 specimens and the
fringe of the N = 10 specimen had higher hardness values
than the saturation value of highly strain-hardened Zr.
Considering the results of XRD measurement, this hard-
ening can be mainly attributed to the formation of Nb—Zr
solid solution. As for the Ag-Ni system, however, the
hardness values of the N = 100 specimen exceeded the
saturation hardness of Ni, though this system did not form

any alloys even after 100 rotations of HPT. There can be a
possibility that fine lamellar structure composed of nano-
scale Ag and Ni layers caused the remarkable hardening of
the N = 100 specimen.

Conclusions

HPT process was applied as a method of bulk MA to
synthesize non-equilibrium phases in immiscible alloy
systems. No alloying was noticed in the Ag—Ni system
even after HPT 100 rotations. On the other hand, in the
Nb-Zr system, f-Zr appeared after HPT 2 rotations, and a
fully bec structured supersaturated solid solution formed
after HPT 100 rotations. These results suggest that non-
equilibrium phases can be synthesized by bulk MA through
the use of HPT.
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