Preparation of amorphous Ti, _ , Cu, {0.10 < x<0.87) by mechanical alloying
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We show that amorphous alloy powders of Cu and Ti can be produced over a broad composition
range by mechanical alloying of the elemental powders in a high-energy bali mill. The amorphous
powders are compared with liquid-quenched amorphous alloys of the same compositions using

the techniques of x-ray diffraction and thermal analysis of crystallization. The two types of
samples are found to have similar characteristics. Chemical analysis shows that only trace
amounts of impurities are introduced in the alloys by the milling process.

INTRODUCTION

For more than 30 years amorphous metallic alloys have
been mainly prepared by extreme quenching methods such
as vapor condensation' or rapid liquid quenching? in the
form of thin films, splats, ribbons, or powders. The most
commonly utilized industrial techniques are chill block melt
spinning for the continuous fabrication of uniform ribbons
and other rapid-solidification-rate (RSR) methods for pro-
ducing metal powders. In research one often employs sput-
tering, splat quenching, ion implantation, electrodeposition,
chemical deposition, lazer glazing, and the newly developed
process of solid state reaction.®* It was earlier realized that
cold working at temperatures in the range of liquid helium
(4.2 X) can produce alloying of two metals. It is of interest
that alloying of such cold-worked materials was demonstrat-
ed by observing an increase of the alloy superconducting
transition temperatures.®

Intense deformation during repeated mechanical mix-
ing, cold welding, fracturing, and rewelding of ultrafine al-
loy powders in a dry high-energy ball mill produces me-
chanically formed alloys. This method has been described by
Benjamin’ some years ago. Mechanical alloying (MA) can
even produce homogeneous alloys of elements which cannot
ordinarily be alloyed either by diffusion and sintering or by
melting.

In this way it is possible to develop “synthetic™ alioys
with quite different properties than the corresponding alter-
native alloys produced by sintering or melting. For example,
mechanical alloyed dispersion-strengthened nickel superal-
loys have, at 1250 K, twice the tensile yield strength of nick-
el-base superalloys of the same composition prepared by
more conventional methods.®

Recently, Ermakov et al®'® reported that “‘amor-
phous” or partially amorphous structures were obtained
when elemental powder mixtures of Y-Cu or Gd-Co were
mechanically alloyed. They did not carry out a detailed anal-
ysis of the atomic scale structure of the alloys. The first defin-
itive demonstration that structurally amorphous alloys can
be prepared by mechanical alloying was reported by Koch et
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al."! for samples of Nig, Nb,,. Mechanical alloying has also
been applied successfully for the production of amorphous
Ni-Ti (Ref. 12) and Nb-Ge, and Nb-Ge-Al.'? In this paper
we report on the preparation and characterization of amor-
phous Ti, _, Cu, alloys over a broad range of composition
(0.1 <x <0.9) by the method of mechanical alloying.

EXPERIMENTAL PROCEDURES

For these studies, fine powders of Ti (99.95%, 325
mesh) and Cu (99.95%, <63 um) were used as starting
materials. Powder mixtures of appropriate composition
were mixed for several minutes using a glass rod in a small
vial prior to milling.

The milling was carried out alternatively in a hardened
tool steel vial or in a tungsten carbide vial (WC + 6% Co).
The volumes of the two vials were identical—80 ml. The
balls used for milling were made of WC. Balls of 3, 6, 8, and
10 mm diameter were used. The best results were obtained
using balls of 8 and 10 mm diameter. The ball-to-powder
weight ratio varied between 3:1 and 10:1. In order to avoid
oxidation, the ball mill was sealed under dry argon
(>99.999%) inside of a glove box. For this purpose the
respective vials of tool steel or WC were fitted with “0” rings
made of Viton. The leakage was checked and found to be less
than 5 X 10~° mbar liter s~ ' for 1.1 bar of He. The vials were
always loaded in the glove box with inside overpressure of
100 mbar argon. In air, it was found that the ground powder
had already picked up considerable quantities of oxygen and
nitrogen after 5-10 s duration of the grinding process. This
could be deduced by the immediate reduction of the pressure
during milling in a vial sealed in open air. The milling pro-
cess was interrupted every hour and, in analogy with the
experiments of Koch et al.,'" small quantities of mechanical-
ly alloyed powder were removed for x-ray diffraction analy-
sis. In addition, small quantities of the alloys were prepared
for chemical and powder screening analysis, measurement of
superconductivity, metallographic studies, differentia) ther-
mal analysis (DTA), differential scanning calorimetry
(DSC), and scanning electron microscopy (SEM). The ten-
dency of the powder to pur! was controlled. When required,
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the agglomeration and sticking of powder on the vial or balls
was eliminated or reduced by mechanically scraping the vial
and balls.

The material removed was subsequently added again to
the grinding process. This troublesome procedure was nec-
essary to ensure homogeneous composition of the final pow-
der with respect to content of Ti and Cu.

Screened MA powders were found to contain particles
of size ranging from 2 to 43 um and larger. X-ray diffraction
analysis on particles of size less than 20 um gave essentially
identical results to that on larger particles or agglomerates.
The actual x-ray specimens were prepared by applying a lay-
er of screened powder to a Plexiglas sheet using a small
amount of silicon grease as a binder. X-ray scans were car-
ried out on a vertical powder diffractomer with CuKe radi-
ation (4 = 0.15418 nm) without a monochromator. Wet-
chemical analysis was carried out on initial powders and
selected MA powders.

RESULTS AND DISCUSSION

Figure 1 shows a series of x-ray diffraction patterns tak-
en at 1-h intervals during the ball milling of a Tis; Cu,, alloy
starting from the elemental powder mixture. After 2 h of
processing, one notes the appearance of a broad scattering
maximum near 26 = 41°, Superimposed on this are relative-
ly sharper Bragg peaks characteristic of the microcrystallize
elemental phases. After 4 h of processing, the broad scatter-
ing maxima has increased in intensity while the Bragg peaks
have nearly disappeared. Finally, after 6 h of processing,
only the broad scattering maxima is near 26 = 41°, followed
by a still broader but weaker maxima centered near
20 = 72°, are seen.

This pattern is characteristic of an amorphous alloy.
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FIG. 1. X-ray diffractograms (CuKg radiation) of Tis, Cu,; alloys. With
increasing milling time, powder becomes gradually amorphous.
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For comparison, a sample of the MA powder was used to
produce an amorphous splat quenched alloy. Such splat-
quenched amorphous Ti-Cu alloys have been studied pre-
viously,'* the MA powder was remelted and rapidly
quenched using a piston and anvil apparatus operated in an
argon atmosphere. Foils of thickness 3040 xm and area
~1-2/cm?* are produced by the splat quench. The x-ray
diffraction pattern of the rapidly quenched sample is com-
pared with that of the MA powder sample in Fig. 2. The two
diffraction patterns have similar features. The location of the
primary and secondary broad scattering maxima are nearly
identical. The half width at half maximum of the primary
scattering maximum of the mechanically alloyed sample is
about 3% less than that of the corresponding liquid-
quenched alloy. Such differences can be attributed to the
degree of relaxation of the amorphous structure of the two
samples.

Figure 3 shows a second example of a series of x-ray
diffraction patterns taken at 1-h intervals during the synthe-
sis of a Ti;, Cu,, amorphous alloy by ball milling. One again
notes a progression similar to that seen in the earlier case. An
entirely amorphous product is again obtained after 6 h of
milling. We note that the primary scattering maxima of the
amorphous phase is shifted to higher scattering angles for
the more Cu-rich alloy. This characteristic is observed in
general as the Cu content of the alloys is increased. Figure 4
shows x-ray diffraction patterns of the amorphous product
obtained for six alloys of progressively increasing Cu content
and illustrates the gradual shift of the primary scattering
maximum. It is found that the primary maximum shifts
maximum from 26 = 39.4° for Tiy,Cu,, to 26 = 43.2° for
Ti,; Cug,. This can be attributed to a progressive decrease of
the nearest neighbor distance as the Cu content is increased.
The metatlic radius of Cu (r¢, = 1.28 A) is smaller than
thatof Ti (r; = 1.47 A) and thus nearest-neighbor Cu pairs
have smaller separation than nearest-neighbor Ti pairs with
Cu-Ti pairs expected to have an intermediate value.

On the basis of the above x-ray data, we believe that
amorphous alloys of Cu-Ti are formed over the range from
10 to 87 at. % Cu during ball milling. To determine what, if
any, impurities are introduced into the alloys by the ball
milling process, wet chemicat analysis was carried out on the
amorphous alloy products. It was found that the typical pro-
duct powders contain less than 1000 ppm O,, 300 ppm N,
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FIG. 2. Comparison of x-ray diffractograms (CuKa radiation) of amor-
phous Tig, Cu,; MA powder (milled 6 h) with amorphous Tis, Cu,; pre-
pared by splat quenching.

C. Politis and W. L. Johnson 1148

Downloaded 13 Jan 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



Intensity {Arbitrary Units)

FIG. 3. X-ray diffractograms (CuKa radiation) of Ti,, Cu,q alloys. After 6
h of grinding, a completely amorphous structure was observed.
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FIG. 4. X-ray diffractograms (CuKa radiation) of Ti, _, Cu, alloys. The
first peak, representing the contribution of the nearest-neighbor atoms,
shifts to higher 26 values with increasing Cu concentration.
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FIG. 5. SEM micrograph of Tis; Cu,, MA microcompacts. The white spots
are Ti—Cu particles.

320 ppm Fe, 50-200 ppm Co, 200-500 ppm W, and less than
300 ppm C. The residual gas levels (O,, N, ) were found to
be no greater than that obtained by wet chemical analysis of
the starting powders, while the Fe, Co, W, and C impurities
are presumably attributed to the milling process (which em-
ploys Co-bonded WC balls). As a means of characterizing
the micromorphology of the powder, individual grains were
examined using scanning electron microscopy (SEM). Fig-
ure 5 shows an SEM micrograph of a sample of Ti;, Cu,,
following 2 h of ball milling. The sample exhibits a fine tex-
ture on a scale of the order of several nm. The individual
domains are presumably produced by progressive refine-
ment of the original powder mixtures as milling proceeds.
To further investigate whether the mechanically alloyed
amorphous samples are similar to those prepared by liquid
quenching, thermal stability studies using DTA and DSC
have been carried out. Figure 6 shows the DTA results for
the two different amorphous Tis, Cu,; alloys for compari-
son. Case (a) is an MA powder after 6 h milling time and
case (b) is a splat of 40-um thickness which has been pro-
duced by rapid quenching under argon (in a piston and anvil
splat cooling apparatus). The DTA samples have been heat-
ed in A}, O, crucibles with the rate of 40 K min ~' under a
flowing helium atmosphere. Al, O, powder was used as ref-
erence material. The onset of crystallization has been found
for amorphous splats at 649 K and for MA amorphous pow-
der at 670 K. DSC results gave essentially the same crystalli-
zation behavior. A detailed analysis of absolute heats of cry-
stallization has not yet been carried out. We also note that
DTA and DSC experiments have also shown evolution of
small quantities of argon gas from amorphous Ti, _ , Cu,
MA powders. This evolution of argon generally occurred at
temperatures ranging from between 50 and 250 K below the
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FIG. 6. DTA curves show the crystallization peaks for amorphous
Tisy Cu,; MA powder (a), and amorphous Tiy, Cu,; MA prepared by splat
quenching (b).

temperature T, , where crystallization was observed. Some
samples did however show traces of argon evolution even
above T, . Evolution of such trapped argon occurs gradually
and does not give a well-defined exotherm (as does crystalli-
zation). These calorimetric experiments show that our MA
Ti, _ , Cu, powders exhibit crystallization at a temperature
range close to that observed in amorphous splat-quenched
foils.

The observed heats of crystallization per unit mass are
also comparable for the two cases. One might argue that
trapped gas could stabilize a nanocrystalline structure such
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FIG. 7. DTA curves from Tis, Cu,;, Ti,s Cuss, and Tiy, Cuy amorphous
MA powders.
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FIG. 8. Binary alloy phase diagram of the Ti-Cu system'® showing the
composition range of amorphous Ti, _ ,Cu, alloys formed by mechanical
alloying.

as that obtained when ultrafine powders of dimension 1-10
nm are consolidated. '* However, the x-ray patterns obtained
here do not exhibit the gaslike diffraction pattern seen for
such nanocrystalline matter. Furthermore, the trapped gas
{argon in the present case) is evolved at temperature below
T, showing that the amorphous structure observed does not
require the trapped gas for stabilization.

Figure 7 iltustrates the DTA graphs of three MA Ti—Cu
powders over a broad temperature range. Exothermic heat
peaks refer to crystallization events whereas the endother-
mic peaks were found to correspond to alloy melting. Similar
to liquid-quenched amorphous splats and ribbons, several
temperatures of crystallization are shown by some alloys,
e.g., Tiyg Cu,y. The melting points in the calorimetric studies
correspond quite well to the existing eutectic and solidus-
liquidus curves given by the binary Ti—Cu phase diagram'®
(Fig. 8). The broken lines mark the compositions of our Ti-
Cu alloys. Figure 9 illustrates the measured T, onsets and
the 7, midpoints for six different amorphous MA Ti—Cu
alloys in comparison with 7, data of amorphous splats and
amorphous ribbons. ' These results demonstrate that amor-
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FIG. 9. Crystallization temperature T, vs composition of Ti, _, Cu, al-
loys.
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phous MA powders prepared over a wide range of composi-
tions exhibit crystallization temperatures similar to those
seen for amorphous ribbons and splats prepared by melt
spinning and splat cooling over the same range of composi-
tions.

Finally, we mention that we have attempted to consoli-
date (by cold pressing and sintering) the amorphous MA
powders produced in this study. We have observed that the
MA powder has excellent flowing and pressing characteris-
tics. With small pressures (of 100-200 bar/cm? ), it is possi-
ble to produce bulk pellets of diameter 10 mm and height 8
mm, having a relatively high density ( > 95% bulk density).
The pellets have good mechanical integrity. We are carrying
out additional studies of such consolidation by sintering at
elevated temperatures. Results will be reported in a future
publication.

CONCLUSION

We have shown that amorphous powders can be pro-
duced by mechanical alloying of elemental Cu and Ti
powders in a high-energy ball mili over a broad range of alloy
compositions. The powders were studied by x-ray diffraction
and thermal analysis and compared with amorphous sam-
ples prepared by liquid quenching. The two types of alloys
have similar atomic scale structure and crystallization be-
havior. Chemical analysis has shown that the ball milling
process produces only limited contamination by impurities.
Future work will be directed toward determining the more
general applicability of this method of producing amor-
phous alloys. The consolidation characteristics of such al-
loys may prove promising in efforts to produce bulk amor-
phous metal structures.
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