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Abstract

During the mechanical alloying (MA) of ductile materials, it is often found that welding becomes so dominant that a very tine

layered structure or homogencously alloyed powders
proc control age
present work inv

annot be obtained. 11 is often desired to add an appropriate amount of
t (PCA) o powders in order Lo retain the equilibrium s
gated the effects of PCAs on MA mechanisms in the T

¢ between welding and fracturing processes. The
- Al system. [t was found that the amount of PCA

and the energy transfer from ball to powder during MA influenced the mechanism of MA. As the amount of PCA and/or

energy transferred from ball 1o powder incri
penetration of metallic atoms into interstitial

ed, the mechanism of MA changed from a substitutional diffusion 1o a
The penelration of metallic zloms seems ta play an important role in the

formation of the metastable f.c.c. phase. for which the lattice parameter is about 4.2 A in the Ti-Al system.
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1. Introduction

The mechanical alloying (MA) of multi-component
powders [1-3] and the production of nano-crystalline
powders by ball milling [4.5] have attracted much
attention from researchers in recent decades owing to
their scveral advantages [6.7). However, some re-
searchers [8.9] have reported problems related to the
desired final chemical composition, homogeneity and
grain refinement after bal! milling due to severe plastic
deformation and welding of very ductile f.c.c. powdcrs.
There are two methods to prevent the severe welding:
one is to lower the temperature of the milling vial
[1.10] and the other is to add PCA to the powders
[9.11]; the latter is more favored. Organic PCAs
containing aioms such as O, C, H, ctc. may affect the
process of MA [12,13] and sometimes the atams exist
as impurities after consolidation of mechanically al-
loyed powders. For example, the ductility of the
intermetallic compound TiAl decreases as the amount
of O and/or C increases [14]. Therefore, it is im-
portant to sclecl an appropriate PCA and its amount
in order to avoid compiications.

Many researchers [15,16] have also reported the
formation of the mctastable f.c.c. phasc during MA in
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the Ti-Al system. The formation mechanism of this
metastable f.c.c. phase has not been proved clearly. in
spite of reports that the f.c.c. formation may be duc to
O and N contamination [15]. The effect and the role
of PCA on the MA process or mechanism are studied
here systematically in terms of the amount and species
of PCA.

2. Experimental details

Horizontal ball mills with stainless steel vial (diam-
eter 130 X 130 mm®) and balls were run at 100 rev
min~' and room temperature for MA in this experi-
ment. The nominal composition was chosen as Ti-48
at.%Al and the high purity elemental powders of
99.9% Ti (No.~- 325) and 99.9% Al (Nos. 150-250)
were charged with PCA. To prevent contamination,
the balls and inner vial were >cawed with nominal
composition elemental powders (Ti-48 at.% Al) and
miiling was performed uirder Ar atmosphere. In order
to invesligate the cifects of the species of PCA on the
MA mechanism, CH;OH (meth.anol) and CH, (ben-
zene) were chosen as PCAs. As much as 0.3 or 3.0
wt.% of the PCA CH,OH was added to the total



194 W, Lee. S.1. Kwan 1 Journaf of Alloys and Compounds 240 (1996) 191-19%

Table |

The number of atoms and molecules under d :nt PCA conditions

PCA Designation No. of melecules No. of C atoms No. of O atom No. of H atoms
(x107) (X10™) (x10™) (X107}

CH,0H A 110 x 6.1 Vi x6.1 L/1x 6.1 2/5%61

0.3 wr.'%

CH,0H B 6.1 6.1 6. 4x6.1

30wt

C.H, § 113%6.1 2x 6.1 2x6.1

30ml

elemental powders (108.56 g). The amount and its
respective number of molccules, and the number of C,
O, and H atoms in PCAs. arc given in Table 1.
Condition B contains the same kind of molecules and
atoms bul [0 times as many as condilion A, In
contrast, condition C contains ane third of the number
of molecules and no O atoms. but twice the number of
C atoms as condition B; in other words. the number of
C atoms in condition C is equal to the number of C
atoms plus O atoms in condilion B. The powders used
for investigation of phase transformations during DTA
analysis were encapsulated in a quartz tube with about
107" Torr pressure. DTA analysis was performed at | 1 | 1 L 1
temperatures increasing at a rate of 10°C min " using 20 30 40 S0 60 W 80 g
a Stanton Rederoft STA 1500, and XRD was carried
out with a Cu target using a Rigaku DMAX 2200. 20

Fig. 1. X-ray di ion patterns of the

function of milling time: (a) 300, (b) 500 h.
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3. Results and discussion

3.1, Effect of PCAs on the MA mechanism

A Ti
Qal
@ disordered TisAl

The powders were milled for 10X0) h under con-
ditions A. B, and C in Table 1, and one without PCA
as well. The X-ray diffraction patterns of each con-
dition after various milling times, to follow the phase
transformations during MA, arc shown in Figs. 1-4. In
the condition without PCA, as shown ia Fig. 1.
elemental powders were transformed to an amorphous
phase after 300 h of milling and to a metastable f.c.c.
phase [1.2] with a laitice parameter a of around 4.20
A after 500 h. Under condition A, which contains less
CH,OH, the metastable disordered Ti,Al [1.17] was
formed after 300 h of milling and an amorphous phasc
was obtained only after 1000 h (Fig. 2). Under con-
dition B, the intensity of the main peak of Ti, dif-
fracted from the {011) plane, was reduced rapidly after
300 h, while the (010) peak remained obvious with
relatively strong intensily even atter 700 h, and the L L L L _—
broadened (011} peak seemed to separate into two 0 3 W s 8 W %0 90
peaks after 1000 h (Fig. 3). Finally, under condition C,
which contains no O atoms in PCA as shown in Fig. 4, 2e
the Ti element peaks, although shifted slightly, still Fig. 2. X-ray di patterns of the A as a function of
remained after 700 h and a metastable f.c.c. phase milling time: (a) 100, {b) 300, {c) 500, (d) 700, (c) 1000 h.

INTENSITY (arbitrary unit)
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A Ti (010

INTENSITY (arbitrary unit)

Fig. 3. X-ray diffraction patterns of the condition B as a function of
milling time: {a) 300, (b) 500, {c) 700, (d) 19001,
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Fig. 4. X-ray difiraction patterns of the condition C as a function of
milling time: {a) 300, (b) 500, {c} 700. (d) 1000 h.

appearcd after 1000 h. From the above resulls it can
be deduced thsi the MA mechanism depeds on PCA
conditions.

Collision of balls during milling raises the tempera-
ture of the trapped powders and causes substitutional
diffusion at the interface between them [18-20]. Thus,
it is generally accepted that amorphization by MA is

caused by this substitutional diffusion, so-called inter-
diffusion, which is based on Johnsan and coworker’s
suggestion {21] that it is necessary for amorphization
that the heal of mixing between elemental powders
should be a negative value and the diffusion velocity
of one element should be faster than that of the other.
However. collision of bails can alsa transfer the kinetic
energy of the balls to atoms of the powders. Chakk et
al. [22] recently reported that amorphization by MA
is caused by the penetration of metallic atoms into
interstitial sites. which is based on the fact that the
energy of 6.2 ¢V per atom is enough to enable atoms
to penetrate into interstitial sites in pure elements and
many bi-clemental metallic systems [23.24]. Koch [25]
also sugpested the possibility of penetration of atoms
into interstitial sites from his experimental results in
the mechanically alloyed Nb,Sn-Fe system. Consider-
ing that an amorphous phase can be obtained even in
the alloy system that has a positive enthaipy of mixing
[26.27 ], the penctration model rather than the substi-
tutional diffusion model can easily explain amorphiza-
:ion in these systems. In our device, the maximum
kinetic energy of a ball with a speed of 100 rev min™'
was cstimated to be 3.71x107° J. Assuming that
powders are caated cvenly on balls, that they are
compressed under the area calculated from Hertz's
elastic theary [28], and that half of the kinetic energy
of a ball is translerred to powders {29], the estimated
maximum cnergy that an atom in powders experiences
is about 8.9 ¢V. Therefore, it can be said that the
penetration of atoms into interstitial sites is possible in
our system.

1t is generally known that an amorphous phase can
be obtained in the composition range 50 at.% < Ti<
80 at.% in the Ti-Al system by MA [1.30]. Bonetti et
al. [16] reported that an amorphous phase was pro-
duced only after complete dissolution of Al into Ti in
the Ti,;Al,; composition. Therefore, it can be de-
duced thal an amorphous phase is produced in the
comiposition range 20 at.% < Al <50 at.% and a solid
solution of Al in Ti is produced for Al<20 at.%. As
the intcratomic distances Ti-Ti and Ti-Al are 2.950
{31] and 2.4799 A [32] respectively, the substitutional
diffusion of Al atoms into Ti results in a decrease in
both a- and c-axis lattice parameter of Ti. However,
when interstitial atoms such as O or N are dissolved in
Ti, the ¢-axis of the Ti lattice increases with almast no
change in the g-axis [33]. Therefore, when Al atoms
occupy interstitial sites in Ti, a similar trend can be
expected.

Under conditions B and C, X-ray diffraction pat-
terns (Fig. 5) and interplaner distances (Table 2) of Ti
after milling for 500 h were investigated in detail. A
small peak appeared at about 37° under conditions B
and C after milling for 500 h. Assuming that this is
Ti(002). the interplaner distance of the measured
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Fig. 5. X-ray diffraction patterns of milled powder under conditions;
(a) A (300 b milling). (b) B (500 h milling). (¢) C (500 h milling).

Ti(011) was coincident with that calculated by Ti(010)
and Ti{002) (Table 2). These results indicate that the
lattice parameter of the c-axis incrcases under con-
ditions B and C during milling, while it decreases
under condition A.

The variations in lattice parameter with milling time
under each PCA condition are shown in Fig. 6. Under
condition A, bath the a- and ¢-axis decreased rapidly
until 300 h of milling, when a metastable disordered
Ti,Al phase was formed (Fig. 2); they then remained
almost constant until 700 h. This implics that MA

Table 2
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Fig. 6. Variation of Ti lattice parameters as a function of milling
tlime under ¢ach PCA condition: (a) a-axis, (b) c-axis.

Lattice parameters and d-values of pure Ti and milled powders under each condition

Laltice parameter d-Value
a < din dou; dory

Purc Ti 295 4.686 2.557 2342 2244

Condition A (CH ,OH 0.3 w1.% 300 h milling) 2902 4.602 2513 2301 2.206

Condition B (CH.OH 3.0 wt.%. 500 h milling) 295 4.848 2555 2424 2252
2.260°

Condition C (C,H, 3Iml. SIth milling) 2.938 4.793 2.545 2.396 2.251
2.248°

Condilion A" (CH,OH 0.3 wt.%. 300 h milting) 2925 4.826 2534 2413 2245
2243

* Calculated by d-values for Ti(010) and Ti(002).
" Charged half amount of pawders and PCA of condition A.
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proceeds by subslitutional diffusion of Al atoms in Ti.
and this diffusion is completed before 300 h.
Condition B, which contains relatively many mole-
cules and O atoms, showed a very broad main peak of
Ti after 300 b of milling (Fig. 3), and only the c-axis
increased with little change in the a-axis until 500 h of
milling (Fig. 6). This means that interstitial penetra-
tion, instead of substitutional diffusion, prevails at the
inferface between powders under this condition. The
interplanar spacing ¢ of (hk{) planes in the hep.
structure is expressed as
1 _4h+hk-t" F
—S=7 3+

z z 1)
a ¢

The random penetration of Al atoms into Ti inter-
stitial sites will cause the random dilated distortion of
the latlice along the c-axis. resulting in an increase in
c-axis and a decrease in intensities for the planes (% ().
for example (1) and ((K12). The reason for the small
change in a-axis lattice parameter of the peaks from
plancs { =4, for examplc (D10). is the offsct between
the decrease by substitutional diffusion and the in-
crease by interstitial penctration, which results from a
small change of g-axis by interstitial penetration. In
contrast, the increase in c-axis by interstitial penetra-
tion is oo large 10 be offset by the small decrease due
to substitutional diffusion.

Under condition C, which contains one third of the
number of molecules in condition B and the most C
atoms bul no O atoms. the Ti peaks still remained
after 700 h of milling (Fig. 4) with a slight decrcasc in
a-axis and a large increase in c-axis (Fig. 6}. This result
suggests that the substitutional diffusion of Al in Ti
and the interstitial penetration occur simuliancously
under this condition, and that interstitial penetration is
relatively more prevailing in condition B. However. it
is not yet clear whether the overall smaller decrease in
a-axis under condition B comparcd with condition C
comes from more restraint of the substitutional diffu-
sion due to the number of molecules and/or the
species, or due to O atoms in the former.

In our previous investigation [34], when 9.1 ml of
C.H, was added so that the number of H atoms is
almost three times that in condition C, the DTA curve
showed a different shape from that for condition B.
similar to condition A instead. This result suggests that
H atoms at least do not affect the MA mecchanisin.
However, the role of H atoras in PCAs is not clear at
present.

The above results imply that the predominant MA
mechanism changes from substitutional diffusion 1o
atomic penetration into interstitial sites as the amount
of PCA increases, even though the reason for this has
not been explained clearly yet. The reason for eulier
formation of amorphous phase in the condition with-

out PCA compared with condition A is that the
composition for amorphous phase can be obtained
sooner due to higher energy transfer from balls ta
powders during milling. Our previous investigation
{34} observed that the amount of powders recovered
from the vial afler milling under the condition without
PCA was about one third of that under condition A.
This means that the amount of powders trapped
between balls will be less, and the energies that the
powders cxperience will thus be higher in the con-
dition without PCA. Eckert et al. [35] also reported
that it took less time to abtain the amorphous phase as
the intensity of the balls increased. In o1der (o confirm
this anal in another way, half of the elemental
powders and PCA under condition A was charged in
the milling vial so thal the powders in this condition
expericuced more energy than those under condition
A. In this experiment. an amorphous phasc was
already oblained after 400 h, compared with 18} h
under condition A. and the lattice parameters of
powders alter 300 h of milling were 4 =293 and
=443 A (Table 2), indicating that the c-axis was
increased by milling in this condition, while decreased
under condition A. It is clear to say from the above
experimetal results that the time to form the amor-
phous phase decreases as the energy transferred from
balls to powders increases. The results also suggest
that the predominant mechanism for the condition
without PCA is atomic penentration info interstitial
itcs. and thc predominant mechanism for MA
changes from substitutional diffusion to atomic pene-
tration as the energy increases.

3.2. Activation erergy for crystallization 10 TiAl

The activation energy for crystailization in the Ti-
Al system was obtained in order to investigate how the
amount of PCA, number of impurity atoms, affects the
crystallization behavior of the amorphous phase. The
DTA curve ol cach condition displays two peaks, as
shown in Fig. 7. The first peaks due 10 crystallization
to Ti,Al under conditions A and B are sharp, while
those due to ordering of the f.c.c. phase under the
condition without PCA and condition C are very
broad and slowly varying. However. the second peaks
due to crystallization to TiAl are very sharp under all
conditions. Therefore, the second peaks in the DTA
curve were used to determing the activation encrgy for
crystallization to TiAl using Kissinger’s method [36].
The result given in Fig. 8 shows the trend that, as the
number of impurity atoms. especially O atoms, in PCA
increases, the activation energy increases. The lowest
value of 281 kJ mol™' was obtained under the con-
dition without PCA and the highest, 411 kJ mol ',
under the condition B containing most O atoms. This
tendency is similar 1o that reported [37] for the Ni-50
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Fig. 7. DTA curves of milled powders under each

Ti~Al system by high energy spex milling [2.16,38]
also reported the formation of a mciastable fc.c.
phase. It is thus thought that atomic penetration plays
an important role in formation of the f.c.c. phase.
However, the reason for not forming an f.c.c. phase
under condition B, in which atomic penetration is also
a prevailing mechanism, seems to be accounted for by
O atoms.

4. Conclusions

By investigating the effects of PCA during MA of
the Ti-48 al.%Al system, several conclusions were
obtained.

L. As the energy transferred from balls to powders
increases, it takes less time to form an amorphous
phase.

2. As the intensity of the energy between bails and
the amounl of PCA increases, the prevailing MA

ition: (a)
without PCA (500 h milling), (b) A (1000 h milling). {c) B {1000 h
milling). (d) C (1000 h milling),

100
s
- L
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Fig. 8. Apparent activation cncrgy of cach PCA condition.

at.%Zr system, in which the activation enecrgy for
crystallization increased from 240 to 290 kJ mol ™' by
addition of 2.3 at.%O.

3.3. Formation of the metastable f.c.c. phase

The metastable f.cc. phase was formed after long
time milling only under the condition without PCA
and condition C, in which atomic penetration was the
prevailing mechanism of MA. Work on MA in the

ges from substitutional diffusion to

atomic penelration into interstitial sites,

3. The metastable f.c.c. phasz with lattice paramcter
a of around 4.20 A is formed after 500 and 1000 h
under the condition without PCA and condition C
respectively. Atomic penctration into interstitial sites
may be responsible for the formation of the meta-
stable f.c.c. phase.

4. The activation energy for crystallization becomes
larger as the number of impurity atoms, especially O
atoms, in PCA increases.
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