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Formation of nanocrystalline phases in the Cu-Zn 
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The evolution of various nanocrystalline phases in the Cu-Zn system during the course 
of mechanical alloying of elemental powder blends, manifests a similar sequence of 
phase formation in all the compositions. Zinc-rich phases were always first to form, 
which can be attributed to the diversities of diffusivities and diffusion distances in the 
constituents. The extent of zinc in s-phase becomes significant only after ~ turns 
nanocrystalline. The crystallite size of ~ reached a minimum ( ~ 18 nm) near the ~-I~ 
phase boundary, while the 13 and ~ phases showed quite coarse crystallite size due to their 
low melting points. Alloying was sluggish during dry milling compared to wet milling, or 
at lower milling speed, which demonstrates the effects of oxidation during milling and 
lower milling energy. 

1. Introduction 
The application of mechanical alloying (MA) to pro- 
duce nanocrystalline alloys [1, 2] and to induce vari- 
ous phase transformations [3-5] has given a new 
dimension to the MA technology in recent years. In 
spite of considerable work on the production of stable 
and metastable phases [6, 7] and phase mixtures [61 
by MA, the phase transformation in nanocrystalline 
materials during MA still remains a subject of im- 
mense interest. The phase formation seems to depend 
on various milling parameters apart from the nature 
of the system itself. The present work is an effort to 
understand the fundamentals of phase formation dur- 
ing the course of MA of Cu-Zn blends. The Cu-Zn 
system has been chosen in view of its known alloy 
chemistry. 

In an earlier work on MA of equiatomic Cu- 
Zn blend [81, performed in a SPEX-8000 mixer 
mill, rapid alloying and the appearance of strain- 
induced cubic martensite followed by 13 brass 
formation have been reported. In another recent work 
[9] on MA of Cu-80 and 85 at % Zn composi- 
tion using the SPEX 8000 mill, the role of milling 
atmosphere on phase transformation has been 
highlighted. However, neither of these works has 
reported nanocrystalline phase formation. In addi- 
tion, the influence of various other milling para- 
meters on the phase formation during MA in the 
Cu-Zn system has not been reported so far. In 
the present paper, nanocrystalline phase formation 
and the sequence of phase evolution in the Cu-Zn 
system during MA under different milling conditions 
have been studied in detail over a wide range of 
compositions. 
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2. Experimental procedure 
Pure elemental Cu-Zn powder blends of - 325 mesh 
size ( ~< 45 t~m) with nominal composition of Cul00-x 
Zn= (x = 15, 30, 40, 50, 65, 85) were studied. MA was 
carried out in a Fritsch Pulverisette-5 planetary ball 
mill using a steel vial with steel balls. The ball to 
powder (B/P) weight ratio was 10:1 and the milling 
speed was 300 r.p.m., unless otherwise stated. WC 
medium and 200 r.p.m, were also employed in selected 
cases. Milling was done under wet as well as dry 
conditions. The phase analysis was carried out by 
means of X-ray diffraction (XRD) using Philips PW 
1840 diffractometer with CuK= radiation. Crystalline 
size was determined from the XRD peak broadening 
by applying Scherrer's formula after elimination of 
strain and instrumental broadening contributions 
[10, 11]. Change in solid solubility was estimated by 
comparing the copper peak shift with standard lattice 
parameter data [12]. Transmission electron micro- 
scopic (TEM) studies were performed in Philips CM 
12 to confirm the nanocrystalline nature of the phases. 

3. Results and discussion 
3.1. Phase formation during MA 
Nanocrystalline ~, 7, 13 and ~ phases were synthesized 
by MA. Zinc-rich phases were produced in the initial 
stages of the MA process irrespective of the composi- 
tion chosen. For example, in Cu-15 at % Zn, the 
e peaks were detected in the XRD pattern within 0.5 h 
wet milling (Fig. 1). At this stage, the crystallite size of 
copper was quite coarse ( > 200 nm). Upon prolonged 
milling, more stable copper-rich phases formed, as is 
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Figure 1 XRD patterns of Cu-15 at % Zn after (a) 0.5 h and (b) 4 h 
milling. (A) Cu, (O) Zn, ( I )  ~, (O) ZnO. 
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Figure 2 XRD patterns of different blends mechanically alloyed for 
16 h. (A) Cu, (A) 13, ([3) T, (I) e, (O) ZnO. 

evident from Fig. 2. The early formation of zinc-rich 
phases in preference to copper-riCh phases can be 
easily understood if one looks at the diffusivities of 
copper and zinc in each other. The probable limit of 
local temperature encountered during MA is 

200 ~ as evinced by the recent work on computer 
simulation [13, 14] and ball milling of Fe-C marten- 
site [13]. The diffusivity of copper in zinc 
( 3 . 0 x l 0 - i S m 2 s  -1) at 200~ extrapolated from 
high-temperature data [15], is about eight orders 
higher than that of zinc in copper (8.2 x 10- 27 m 2 s-  ~). 
This can readily account for the early formation of 
zinc-rich phases when the grains are quite coarse. 
Based on the bulk diffusivities of constituents, a simple 
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Figure 3 Change in (a) crystallite size and (b) zinc in copper-solid 
solution, as a function of milling time. (a) (I) e, (A) c~. (b) (O) 
CusoZn50, (A) Cu60Zn40, (~) Cu70Zi130. 

estimate shows that the e-phase formation would ap- 
proach completion after about 2 h, if the initial diffu- 
sion field width in zinc is about 200 nm 1-16]. On the 
other hand, the present XRD results are evidence of 
a substantial presence of e-phase within 0.5 h milling. 
This difference is expected, as ball milling induces 
a large density of dislocations that can enhance the 
alloying rate through short-circuit diffusion. 

A sharp rise in the zinc content in the copper-rich 
s-solid solution was observed after o~ reached a crys- 
tallite size of about 15 nm (after ~ 4  h milling), as 
shown in Fig. 3a and b. The milling time and the 
crystallite size at which this fast enrichment of zinc in 

occurred, was found to be quite insensitive to the 
composition of the elemental blend, up to 50 at % Zn. 
In these alloys, the maximum amount of zinc in,~ 
during the course of MA (Fig. 3b) increased with in- 
creasing zinc content of the elemental blend, as ex- 
pected. A marginal extension of the s-phase field to 
~44  at % Zn could be achieved in CusoZnso blend. 
A gradual decrease of zinc in ~ was observed after 
milling beyond 8 h, which was associated with the 
formation of ZnO. 

At nominal compositions of 65 and 80 at % Zn, 
13 and (T + ~) , respectively, were present after pro- 
longed (~4 0  h) milling, while the equilibrium phase 
diagram predicts single-phase T and e formation at 
these compositions. In fact, as the milling of these two 
blends is continued beyond 8 h, the formation of cop- 
per-rich phases was found to be associated with the 
oxidation of zinc-rich phases. A similar observation is 
reported in a recent work [9] on elemental blends of 
Cu-80 and 85 at % Zn. However, for nominal com- 
positions of 50 at % Zn or less, the copper-rich phases 
were found to form by destabilization of zinc-rich 

3208  



60 

E 
v 

.~ 4o 

o 

8 0 -  

2 0 -  

0 
o 

/ 

I I I I 

20 40 60 80 1 O0 
Zn (at %) 

Figure 4 The crystallite size at different compositions after 16 h 
milling. 

Figure 5 TEM bright-field image of a in CusoZns0 milled for 16 h. 
Inset is the selected-area diffraction pattern of the phase. 

phases. The ZnO formation in these alloys becomes 
significant at a much later stage. 

The crystallite size of zinc-rich ~ phase decreased at 
a very slow rate with increasing milling time when 
compared to ~ phase (Fig. 3a). For instance, after 40 h 
milling, the crystallite size of ~ phase was about 40 nm, 
while the ~ phase reached a crystallite size of ~ 15 nm 
within 4 h milling. This difference could be attributed 
to the difference in the melting points of the ~ and 

phases [-17,181, because the tendency for cold 
welding in the case of low melting phases is expected 
to be more. Among the different compositions studied, 
the crystallite size is found to reach a minimum 
(~  18 nm) in the s-phase at the phase boundary of 

and 13 (Fig. 4). A similar result has been reported 
earlier [-4] in the N i ~ l  system at the phase boundary 
of NiA1 and Ni3A1. It is also interesting to note that no 
such minimum is observed at the Y and a phase 
boundary. These results probably suggest that the 
nanocrystalline mixtures of only the high melting 
phases mutually hinder the coalescence of crystallites. 

The nanocrystalline nature of the alloys obtained 
by MA was confirmed by TEM studies. The crystallite 
size of ~ phase observed by TEM (Fig. 5) in Cus0Zns0 
blend seems to bein good agreement with the average 
size of ~ 18 nm as measured by XRD. The selected- 
area electron diffraction pattern (inset of Fig. 5) cor- 
responds to the ~ phase, and shows no evidence of 
amorphization. 

3.2. Effect of milling parameters 
3.2. 1. Mil l ing atmosphere 
A profound role of milling atmosphere on phase 
formation was evident from the dry and wet milling 
studies. While rapid alloying was observed on wet 
milling of CuToZn3o, dry milling resulted only in oxide 
formation and no alloying could be detected even after 
16h milling. In CusoZnso, the formation of alloy 
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Figure 6 Time modulation of ([3, I )  crystallite size ( ) and 
(0, �9 zinc in copper-solid solution ( - - - )  during (11, @) dry and 
(E3, �9 wet milling of CusoZnso blend. 

phases was observed both in dry and wet milling 
conditions. During wet milling, however, a much more 
rapid crystallite size reduction and alloying (Fig. 6) 
were achieved as compared to dry milling for this 
composition. The sluggish rate of alloying in the dry 
milling operation is also associated with the early 
formation of ZnO, as evinced by the XRD results. 
Possibly the oxide layer acts as a barrier and retards 
or prevents the alloying process. 

3.2.2. Mil l ing speed 
A comparative study of wet milling of CuToZn3o blend 
at a B/P weight ratio of 10: 1 in steel media, performed 
at different milling speeds of 200 and 300 r.p.m., 
showed a faster drop in crystallite size in the initial 
stage of milling in the later case (Fig. 7). However, the 
final crystallite size of ~ after 16 h milling was margi- 
nally lower at 200 r.p.m. It appears that there is an 
optimum energy for grinding at which the fracture and 
cold welding processes strike a balance to yield the 
finest crystallite size in a system. 
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Figure 7 (D, m) Crystallite refinement ( ) and (O, O) zinc con- 
tent in ct ( - - - )  (�89 O) as a function of time in CuToZn3o ball milled 
at (m, 0) 200 r.p.m, and (D, O) 300 r.p.m. 

3.2.3. Grinding medium 
The contribution of the higher energy imparted by the 
WC medium is similar to that of higher milling speed, 
excepting the larger quantity of powder being em- 
ployed in the former case for the same B/P ratio. Wet 
milling of CuToZn3o blend at a B/P weight ratio of 
10:1 and a milling speed of 300 r.p.m, in WC media 
showed the formation of metastable strain-induced 
martensite within 1 h milling. Similar observation has 
been reported earlier [81 in the equiatomic blend. 
However, no such transformation could be detected in 
steel media. The higher specific gravity of WC as 
compared to steel imparts a higher energy to the 
powder particles and probably introduces larger 
strain in the system, sufficient to trigger the martensite 
formation. This martensite disappears during further 
milling possibly due to its compositional change. 
A much pronounced particle coarsening was observed 
in WC media after an initial drop in crystallite size 
(Fig. 8). This indicates more cold welding at higher 
milling energy. In CUToZn3o blend, a marginal in- 
crease in the maximum zinc content in ~ to ~23.3 at 
% (from 22 at % in the steel viM) was also achieved in 
the WC medium (Fig. 8) apparently due to the higher 
energy transfer during this milling. 

4.  C o n c l u s i o n s  

1. Nanocrystaltine ~, [3, y and ~ phases have been 
produced by mechanical alloying (MA) of elemental 
copper and zinc powders. 

2. Irrespective of the starting composition of the 
blend, the zinc-rich phases (a and y) formed first dur- 
ing MA, possibly due to the much higher diffusivity of 
copper in zinc than vice versa. 
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Figure 8 Change in (V1, m) crystallite size ( 
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content in Cu ( - - - )  in CuvoZn3o blend milled in (D, O) steel and 
(11, O) WC media at different milling times. 

3. Rapid zinc-enrichment of ct took place only after 
the a crystallite size reached about 15 nm. 

4. After prolonged milling, the crystallite size of 
the copper-rich phase (a) was found to be much small- 
er than that in the zinc-rich phases (y and e), pos- 
sibly due to the higher melting temperature of the 
former. 

5. The dry milling showed slower alloying com- 
pared to wet milling, apparently due to the forma- 
tion of oxide layers in the early stages of MA in the 
former. 

6. Higher energy milling by means of a WC grind- 
ing medium showed more rapid alloying compared to 
that in steel media. Increase in the milling speed from 
200 r.p.m, to 300 r.p.m, manifested similar enhance- 
ment in alloying. 
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