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Effect of temperature on mechanical alloying of Cu-Zn and Cu-Cr system
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Abstract: Cu-Zn and Cu-Cr powders were milled with an attritor mill at room temperature, —10, —20 and —30 °C, respectively. Phase
transformation and morphology evolution of the alloyed powder were investigated by X-ray diffractometry(XRD), X-ray
photoelectron spectroscopy(XPS) and scanning electron microscopy(SEM). The results show that lowering temperature can delay
mechanical alloying(MA) process of Cu-Zn system with negative mixing enthalpy, and promote MA process of Cu-Cr system with
positive mixing enthalpy. As for Cu-Cr and Cu-Zn powders milled at =10 “C, lamellar structures are firstly formed, while fewer
lamellar particles can be found when the powder is milled at —20 ‘C. When the alloyed powder is annealed at 1 000 'C, Cu(Cr) solid
solution is decomposed and Cr precipitates from Cu matrix, whereas Cu(Zn) solid solution keeps stable.
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1 Introduction

Mechanical alloying(MA) is a solid-state powder
processing technique involving repeated welding,
fracturing and rewelding of powder particles in a high-
energy ball mill[1]. MA can be used to synthesize
supersaturated solid solutions[2], nanostructures[3—4],
amorphous alloys[5], intermetallic and chemical
compounds[6—7]. MA process is mainly influenced by
thermodynamic and kinetic properties of the original
powder system, milling intensity and temperature.

MA is a process of competition between external
forcing diffusion and thermally activated diffusion. The
steady state that the system reaches is determined by a
dynamic balance between the forced mixing events and
diffusion events. BELLON and AVERBACK]8]
proposed a forcing parameter /°, which was defined as

I=IJI;

where [}, is the atomic jump frequency caused by
external forcing which drives alloying or disordering,
and 7 is the atomic jump frequency due to thermal
diffusion[8]. For systems of positive heat of mixing,

atomic thermal diffusion led to phase decomposition.
And for systems of negative heat of mixing, atomic
thermal diffusion drove alloying. According to this point
of view, lowering milling temperature could promote
alloying process for systems of positive heat of mixing
but hinder alloying process for systems of negative heat
of mixing.

Several papers have reported the effect of milling
temperature on MA of systems of positive mixing
heat[9—12]. It was reported that the solubility of Ni-Ag
system was extended by cryomilling for only a few
hours, while it was difficult to be mechanically alloyed at
room temperature[10]. CHERDYNTSEV et al[ll]
reported that MA process of Cu-Cr system was hindered
at higher milling temperature. But for Cu-Ta system,
cryomilling only accelerated the process of
microstructural refinement, without apparent evidence of
alloying, so XU et al[12] pointed out that the Bellon
model could not be simply used for systems of positive
mixing enthalpy. Since the radius of Ta (0.134 nm) is
apparently larger than that of Cu (0.128 nm), the
diffusion of Ta in Cu will cause large elastic strain
energy in the Cu lattice. The Cu-Ta system is hard to be
mechanically alloyed even in liquid-N, temperature. The
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above reports indicated that alloy system should be
carefully chosen to study the temperature effect on the
MA of binary systems of positive heat of mixing. The
radius of component elements should be similar.

Much of the above researches focused on the effect
of temperature on binary system of positive mixing heat,
and few on the effect of temperature on the binary
systems of both positive and negative mixing heat.

To avoid the effect of elemental size difference,
Cu-Zn system with negative mixing enthalpy and Cu-Cr
system with positive mixing enthalpy were selected and
the effects of temperature on MA of different systems
were studied in this work. The phase transformation of
the solid state reaction and morphology evolution were
investigated by XRD, XPS and SEM, respectively. The
effect of temperature was discussed based on
thermodynamics calculation.

2 Experimental

The parameters of original powder used in
experiments are listed in Table 1. The milling process
was carried out in an attritor mill. The milling balls with
6 mm in diameter were made of tool steel. Low
temperature was realized by using a DLSB—5220
cryogenic recycle pump with ethanol as coolant, and the
room temperature was kept by using recycling water. MA
was performed in argon with rotational speed of 300
r/min. Cu-Zn powder was milled for 10 h at =30 ‘C and
room temperature, respectively, with ball-to-powder
mass ration of 10:1; and Cu-Cr powder was milled for 36
h at =30 C, =20 'C, =10 ‘C and room temperature,
respectively, with ball-to-powder mass ratio of 20:1.
When Cu-Cr (or Cu-Zn) powders were milled at room
temperature and —10 C, 0.5% (mass fraction) of stearic
acid was added as process control agent (PCA) in order
to prevent excessive cold welding, while no PCA was
added in lower-temperature milling experiments.

Table 1 Parameters of original powder used in experiments

Cu-X Purity of  Purity of ~ Mass of Mass of
system Cu/% X/% Cu/g X/g
Cu-Zn 99.5 99.6 60 40
Cu-Zr 99.5 95.0 95 5

A Rigaku D/max—3C diffractometer was used to
investigate the structural evolution of the powder during
milling process. And JEM—200CX scanning electron
microscope was used to study the morphology of the
as-milled powder. The analysis of surfacial elemental
composition was made by using an ESCALAB220I-XL
X-ray photoelectron spectroscope.

3 Results and discussion

3.1 Phase transformation

Fig.1 shows the X-ray diffraction patterns of Cu-Zn
powder milled at room temperature for 2 h and 10 h.
When the powder was milled for 2 h, the XRD pattern
consisted of six phases: Cu, Zn, ZnO, ¢ phase (CuZns), y
phase (CusZng) and o phase (Cugg¢4Zngs6). Cu was the
main phase. Zn peaks remained, but they were very weak.
The peak position of Zn (100) deviated from 38.75° to
39.08°, and the peak position of Zn (002) deviated from
36.01° to 36.34°. Radius of Zn atom is 0.133 nm, and
radius of Cu atom is 0.128 nm. Since Cu atom is smaller
than Zn atom, Cu atom diffuses in Zn more easily than
Zn atom does in Cu. The diffusion of Cu in Zn reduced
lattice parameter of Zn, and the angle of Zn peaks
deviated to a larger value. In Fig.1, Cu peaks did hardly
deviate, which indicated that little Zn diffused in Cu. The
diffusivities of Cu in Zn and Zn in Cu extrapolated from
high temperature data are 3.0X 10" and 8.2X 1077,
respectively[13]. Since diffusivity of Cu in Zn is about
eight orders of magnitude higher than that of Zn in Cu,
the formation of Zn-rich phases such as CuZns and
CusZng was expected to initiate by the diffusion of Cu in
Zn in the early stage of milling. And Cu(Zn) solid
solution was finally formed after milled up to 10 h.

4+ —Cu

" *—Zn
*— ZnO
* — CuZn;
*+ — CusZng

" — CugaZng 6

20 30 40 50 60 70 80 90 100
20/(°)
Fig.1 XRD patterns of Cu-Zn powder milled at room
temperature

PABI and MURTY[13] reported that the MA of
Cu-40%Zn (mass fraction) system followed et+y—f+a—
0+Zn0. Judging from Table 2, we can see that there
should be a peak at 30.273° for £ phase (CuZn). But no
peak appears at 30.273° in XRD pattern (Fig.1). This
demonstrates that no § phase forms during the process of
MA of Cu-40%Zn system.

Fig.2 shows XRD patterns of Cu- Zn powder milled
at —30 C and room temperature for 10 h and the images
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Phase PDF code Space group 20 of strongest peaks/(°)
CuZns 351152 Unknown 42.195, 43.363, 57.559, 37.686
CusZng 251228 143m 43.298, 79.417, 35.051, 37.967
CuZn 021231 Unknown 43.473,79.631, 63.013, 30.273
Cug.6aZn036 501333 Fm3m 42.325,49.275, 72.245, 87.455
Cu 011241 Fm3m 43.473,50.375, 73.997, 89.934
T A
+—Cu +— Cu [ |
*—Zn s —Cr
* — 7Zn0O °
|

= — Cuy ey 36

20 30 40 50 60 70 80 90 100
20/(°)
Fig.2 XRD patterns of Cu-Zn powder milled at =30 °C (a) and
RT (b) and images of milling balls

of balls. When Cu-Zn powder was milled at =30 C, the
resultants consisted of Cu, Zn, ZnO and o phase
(CugsZng ;). The existence of Zn and Cu peaks
indicated that the MA process hadn’t completed. We
could see that Zn had dissolved into Cu lattice and no
zinc-rich phase existed in the powder prepared at room
temperature. It can be concluded that MA process is
suppressed at lower temperature for Cu-Zn system.

Since Cu-Zn system belongs to ductile-ductile
system, the powder adheres to the surface of milling
balls during milling process easily. In room temperature
(RT) milling process, PCA was added. Still there was
much powder adhering to the ball (Fig.2). From the
image of the ball used in —30 “C milling, we can see that
the ball surface was clean, and no powder adhered to the
ball surface. This indicated that cold welding was
suppressed in =30 C milling.

Fig.3 shows the XRD patterns of Cu-5%Cr (mass
fraction) powder milled at different temperatures. The
powder milled at —10 ‘C and above consisted of Cu and
Cr. This indicated that MA hadn’t completed yet. Cr
peaks disappeared in the XRD patterns for the powders
prepared at —20 ‘C and —30 °C. This indicated that Cr
dissolved in Cu. Since radius of Cr (0.126 nm) equals
about that of Cu (0.128 nm), the dissolving of Cr in Cu
leads to no apparent peak deviation in XRD pattern
(Fig.3).

The images of balls used in RT and —30 ‘C milling

-30°C RT

() —

(b) A NN

(a) A

20 30 40 S50 60 70 80 90 100
20/(7)

Fig.3 XRD patterns of Cu-5%Cr powder milled at different
temperatures and image of milling balls: (a) =10 C, 36 h;
(b) 20 C, 36 h; (c) =30 ‘C,36h;(d)20 ‘C, 100 h

are presented in Fig.3. There is more powder adhering to
the ball used in RT milling, and the ball used in RT
milling is larger in size than that used at —30 ‘C. The
powder adhering to the ball formed a porous shell, and
the shell could reduce the impacting energy when two
balls collided. Thus, it was unfavorable for mechanical
alloying of Cu-Cr mixtures at room temperature.

X-ray photoelectron spectroscopy(XPS) was used to
investigate the surface elements of the Cu-5%Cr powders
prepared at different temperatures. XPS data of Cu-Cr
powders prepared at different temperatures are listed in
Table 3. The high carbon content on the powder surface
was due to wear of graphite gasket around the upper
shaft. The diffusivity of C and O is larger on surface than
in lattice. Thus most C and O aggregated on powder
surface, and C and O contents were high. From Table 3,
it can be seen that more O was absorbed in the powder
prepared at lower temperatures, which can be explained
that it is easier for O to escape from the powder at higher
temperatures.

Fig.4 shows the Cr contents (mc/(mctmc,)) on
surface of the powder prepared at different temperatures.
Cr content was much higher on surface of the powder
milled at room temperature than in the original mixtures.
Cr content on the surface of the powder prepared at —30
‘C equaled about 5% (the Cr content of original powder).
Since the diffusivity(D) follows Dgyface = Drain boundary =
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Table 3 XPS data of Cu-5%Cr powder milled at different temperatures

Milling temperature/C Peak Center FWHM x/% Stoichiometric ratio
Cls 284.85 1.75 58.44 1.88
Cu2p; 933.30 2.65 6.62 0.213
20
Cr2p; 574.50 1.00 3.86 0.124
Ols 531.30 3.05 31.08 1.000
Cls 282.90 1.30 58.94 1.584
Cu2p; 931.65 3.40 3.09 0.083
—20
Cr2p; 577.55 1.60 0.77 0.021
Ols 530.80 0.55 37.20 1.000
Cls 284.40 3.20 56.73 1.000
Cu2p; 932.95 3.60 10.96 0.193
-30
Cr2p; 975.95 0.40 0.43 0.008
Ols 531.35 3.20 56.73 1.000
35 particles. Particles got finer with further milling and the
30k lamellar particles disappeared (Figs.5.(d)—(f)).
At a lower temperature, the ductility of powder
L r decreases, and it is easy for powder to fracture in milling
9% 20l process. In the early stage, compared with Fig.5(a), the
2 fracture of powder led to fewer lamellar particles
(=]
S 15¢ (Fig.5(g)). When being milled for 12 h, particles were
© Lok welded and got coarser (Fig.5(h)). With further milling,
the size of particles got smaller (Figs.5(1)—(j)).
5 Feret’s diameters of particles were measured and the
statistic results are presented in Fig.6. For powder milled

0 . . : : : . '

=50 -40 -30 -20 -10 0 10 20 30
Milling temperature/'C

Fig.4 Cr content (derived from XPS) for powders milled at

different temperatures

Dy aice, during the MA process, concentration of Cr in Cu
follows Wsurface > WGrain  boundary > Weattice- When MA
process completes, Cr will be homogenously distributed
in Cu, and Wsyrface™WGrain boundary™WLattice finally. It could be
included that low temperature milling promoted MA of
Cu-Cr system from XRD patterns and XPS data.

3.2 Morphology evolution

Fig.5 shows the SEM images of Cu-5%Cr powder
milled at =10 ‘C and —20 °C for different time. As for the
powder prepared at —10 °C, particles deformed into
lamellae structure by the impact of the balls in the early
stage (Fig.5(a)). When the powder was milled for 5 h, the
ratio of lamellar particles reduced, and the small particles
became equiaxed (Fig.5(b)). In Fig.5(c), the equiaxed
particles became coarser due to cold welding of the small

at higher temperature (=10 °C), the formation of lamellar
structure was apparent, which caused the growth in
granular size in the early stage of milling (#=0.5 h). The
deformation of particles led to fracture, and the granular
size reduced (=5 h). The cold welding of small particles
led to the increase in granular size when the powder was
milled for 10 h. The granular size kept reducing with
decrease in metallic plasticity in the following milling
process (Fig.6(a)). There was a peak when the milling
time was about 10 h for =10 C and —20 C groups in
Fig.6(a). The difference of granular size between groups,
—10 °C and —20 °C, was apparent before 15 h. After 15 h,
the granular size of both groups coincided with each
other. For powder milled at —20 ‘C, the formation of
lamellar structure was not very apparent, and there was
not a decrease in particle size before 12 h. By comparing
curves 2, 3, 4, 5 in Fig.6(b) with curve 1, 2, 3, 4 in
Fig.6(c), we can notice that the probability data followed
normal distribution or skewed distribution. The variation
of granular size distribution for the two groups with
milling time followed: narrow—wide—narrow. The
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widest distribution appeared at 10—20 h period.

The characteristics of SEM images for Cu-Zn
system are similar to Cu-Cr system (Fig.7). When
the powder was milled for 0.5 h, particles milled at RT

Fig.5 SEM images of Cu-Cr powder during MA process: (a)
7=-10 C, t=0.5 h; (b) 7=—10 C, =5 h; (c¢) T=—10 C, =10 h;
(d) =-10 C, =20 h; (e) T=—10 C, =30 h; (f) 7=—10 C, =36
h; (g) 7=-20 ‘C, #~=0.5h; (h) =20 C, =12 h; (i) 7=-20
C,=17h; (§) T=-20 C,=25h

deformed into lamellar structure (Fig.7(a)). But few
lamellar particles milled at a lower temperature could be
found (Fig.7(b)). When being milled up to 10 h, particles
were welded into larger particles (Figs.7(c)—(d)).
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Fig.7 SEM images of Cu-Zn powder during MA process: (a) 7=17 “C, =0.5 h; (b) 7=-30 ‘C, =0.5 h; (c) 7=17 C, =10 h; (d) T=

-30C,+=10h
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4 Thermodynamics analysis

Fig.8 shows Gibbs free energy for solid solution of
Cu-Cr and Cu-Zn system. The mixing enthalpy of Cu-Cr
system is positive (Fig.8(a)[14]), which means there
exists no thermodynamics driving force to form solid
solution for Cu-Cr system. Cu-Cr solid solution formed
by MA is metastable at room temperature due to low
diffusion coefficient. When Cu-Cr MA powder was
annealed at 1 000 C, the diffusivity of Cr in Cu gets
much larger, and Cr precipitates from the Cu matrix
(Fig.9(a)).

4.1 Forming Gibbs free energy of solid solution
If the original powders are in the standard state, the
forming Gibbs free energy of disordered solid solution is

AG =AH® ,+RT(calncateglneg) D

where ¢, and cg are the molar concentrations of element
A and element B, respectively, catcg=1; R is the gas
constant; and 7 is the reaction temperature.

AH®, is the enthalpy of solid solution[15]:

AHS . =AHc+AHg+AHg )

30

(a)

(]
=

AG,,, /(kJ+mol ™)
=

=10 L 1 1 1
0 20 40 60 80 100
x(Cu)/%
0
(b)
—_ -lr
=
B
2 -3t
bE
<]
_5 -
_7 1 1 1 1
0 20 40 60 80 100
x(Cu)/%

Fig.8 Gibbs free energy for solid solution of Cu-Cr[14] (a) and
Cu-Zn (b) system

+— Cu
s—Cr

40 50 60 70 80 90 100

+— Cu
= — 7Zn0O

30 40 50 60 70 80
20/(°)

Fig.9 XRD patterns of Cu-50%Cr (a) and Cu-40% Zn (b)
MAed powders annealed at 1 000 ‘C

The first term on the right-hand side represents the
chemical contribution. The second term represents the
elastic mismatch energy which appears in solid solutions.
The third term represents the lattice stability which is
supposed to vary continuously with the average number
of valence electrons.

4.2 Chemical contribution, AHc

A semiempirical model that can predict the enthalpy
of formation was constructed by MIEDEMA in Ref.[15].
The complete form of AHc is

_2PA(ENeA VR +egVg™)

C (nA )71/3 Jr(nB )71/3
{— @)+ Lanlly —%} )

It can be written as

P72 .
) T By Tyl AP

AH¢ :f(CS){CA x

P(V5") ,
[(npg) ™ +(nby)71/2

O . 52 R
Z (A2 -4 cp x
P( ) P] B

ws
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(a0 + £ anl)? - } 4)
where
AH :f(cs)(CAHZOilnB +CBHB0mA ()
P 2/3) ‘s
Hso_l — —(AD
AinB [(nA )_1/3+(n )—1/3]/2[ ( )+
O s R
(A )’ - P]’
NV P(V2/3) *
B = [(ny) ™" +?nv‘is)‘”3]/2[_mj '+
% 13 » R
(A P]

For solid solutions

S (C )= CACB (6)
For inter-metallic compounds:
f(®)=crepll+8(cacy)’] (7

¢y and c§ are the surface concentrations of A
and B, respectively, and they have the forms as

2/3 2/3
CS _ CAV S CBV (8)
A~ CB =
CAVZ/S +CBV2/3 CAV2/3 +CBV2/3

Va=Vg, ci =Ca, cg =cg. Va, Vg are the molar
volumes of A and B, respectively; @" and n,, are the
work function and the electron density; and P, Q and R’
are constants depended on the components.

4.3 Elastic contribution, AHg
Elastic contribution is as follows[16]:

AHg=cpcp(CAAEA in BTCBAER in A) Q)

AEx B (AEg iy 4) 1s the elastic energy caused by A
(B) dissolving in B (A):

2K pug(Vg — VA)2
3K Vg +4ugl,

2Kgup(Vy - )2
3KgVy +4u ly

AinB —

AEBmA

(10)
where K and u are bulk modulus and shear modulus.

4.4 Structure contribution, AHg

For the binary system between the transitional and
non-transitional elements: AHg=0[16].

By calculating with the parameters in Table 4, the
forming Gibbs free energy of solid solution of Cu-Zn is
shown in Fig.8(b). The mixing Gibbs free energy of
Cu-Zn system is negative according to Fig.8(b), which

Table 4 Parameters for calculating Gibbs free energy of Cu-Zn
system[15]

Element 5/ 1 c{l " l/i/l Fl
kJ-V~:em ) A% cm v
Cu 12.3 0.07 1.47 4.45
Zn 12.3 0.10 1.32 4.10
Element 10K/ . 10u/ . \ Vi | T/
(10°N'm~°) (10°N'm °) (cm™mol ) K
Cu 13.5 44 7.1 1357.6
Zn 3.6 3.6 9.2 693.23
Element Hy(kJ'mol ™) T/K R'/P
Cu 13.050 300 0.3
Zn 18.103 300 1.4

indicates that there exists driving force to form solid
solution for Cu-Zn binary system, and the diffusion of
Zn in Cu will promote the formation of solid solution.
Cu(Zn) solid solution is stable when the MAed powder is
annealed at 1 000 ‘C (Fig.9(b)).

Combining experimental results with thermo-
dynamics calculation, we can see that lowering
temperature could delay MA process of Cu-Zn system
with negative mixing enthalpy, but promote MA process

of Cu-Cr system with positive mixing enthalpy.
5 Conclusions

1) Lowering temperature can delay MA process of
Cu-Zn system with negative mixing enthalpy, but
promote MA process of Cu-Cr system with positive
mixing enthalpy. Cu(Zn) solid solution is stable when
being annealed at 1 000 ‘C, but Cu(Cr) solid solution is
decomposed and Cr precipitates from Cu matrix.

2) Temperature affects the powder morphology
evolution during MA process. As for Cu-Cr and Cu-Zn
powders milled above —10 C, lamellar structures are
firstly formed, while fewer lamellar particles can be
found when the powder is milled below —20 C.
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