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Abstract: In the present study, Cu-25 wt %Sn alloy samples were prepared by the mechanical alloying process using 
planetary high-energy ball mill. The alloy formation and different physical properties associated with their formations 

were investigated as a function of milling times of 0, 10, 20, 70, 80, 100, 120, 150 and 200 h by means of the x-ray 
diffraction (XRD) technique, scanning electron microscopy (SEM) and differential scanning calorimeter (DSC). After 
milling time of 80 h, the complete formation of martensite transformation is observed. When milling time increases from 

70 to 120 h, the grain size decreases from 20.8 to 8.6 nm, while the strain increases from 4.73 % to 7.59 %. It is inferred 
that the martensite volume fraction increases from 30 to 55 % when milling time increases from 20 to 200 h. Moreover, 
by using SEM the grain morphologies at different formation stages during ball milling are observed.  
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1. INTRODUCTION 

The genesis of nanostructure is the key feature 

inherent in the preparation of nano crystalline materials 

using powder methods. The structure of particles 

originates from synthesis conditions. The density of 

defects such as twins, domains, stacking faults, core-

and-shells as well as particle aggregates and 

agglomerates, strongly depends on the process 

parameters. These features of particles define behavior 

of powder during consolidation and effect on the 

structure of the monolithic sample. Such heredity has 

been revealed in the past in coarse particles and 

micron size-grained bulk materials [1]. The most 

important achievement of today’s techniques of 

synthesis and consolidation of nano particles is flexible 

control over properties [2]. There are some 

investigations dealing with ball-milling procedure [3-7]. 

Ball milling is a materials synthesis technique that is 

a key process in many applications under the shield of 

mechanical alloying. Ball milling has become an 

innovative technique in the fields of materials synthesis 

and mechano chemistry.  

Mechanical alloying (MA) was developed around 

1966 by John Benjamin et al. at the Paul D. Merica 

Research Laboratory of the International Nickel 

Company (INCO) to produce a material combining 

oxide dispersion strengthening with gamma prime 

precipitation hardening in a nickel-based super alloy for  
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gas turbine applications [8-10]. Ball milling is an 

efficient and simple method for the fabrication of sub-

micron or nano structured powder materials, especially 

for manufacturing of some composite powders [11]. 

There are different types of ball milling methods based 

on the movement of milling balls and vial, such as 

vibration mill and planetary mill. In the case of 

planetary ball milling, main factors that affect the 

particle size reduction include rotation speed, size of 

balls, weight ratio of balls to powder, medium of milling, 

milling time etc.  

It is known that the mechanical alloying through the 

ball milling is an important route to obtain amorphous 

or nano crystalline alloys. Mechanical alloying is a 

processing technique that allows alloys production 

starting from mixtures of elemental and /or compounds 

powders. During MA, a lamellar structure arises in the 

powders due to the cold welding and fracture of the 

particles [10]. 

Among the copper based alloys the Cu-Sn system 

is the least investigated experimentally and 

theoretically one. The Cu-Sn alloys, although, are quite 

ancient, their microstructure has been just studied in 

the last few years [12]. 

Due to the variety of powder materials, the selection 

of parameters also varies substantially [13-15]. The 

present study was carried out to report the preparing of 

nano structured Cu-25 wt % Sn alloy by ball milling 

method and studying the effect of milling time on the 

micro structural and mechanical properties of the 

prepared alloys. Several methods have been used to 

investigate the changes in the ball milled powders. The 

formation of those resultant alloys was identified by X-
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ray diffraction (XRD). Moreover, the thermal stability of 

the alloys was also studied using differential scanning 

calorimeter (DSC). In addition, their metallographic 

structure was investigated by a scanning electron 

microscope (SEM). 

2. EXPERIMENTAL PROCEDURE 

Elemental Cu (99.99 %) and Sn (99.999 %) 

powders were mixed in appropriate proportions to 

obtain the compositions of Cu-25 wt % Sn alloy and 

average particle sizes less than 40 m were used as 

the starting materials and mixed at the desired 

composition. In order to avoid oxidation, the mixture 

and a number of stainless steel balls with different 

diameter were sealed in a cylindrical stainless steel vial 

under dry argon inside a glove box. The typical weight 

ratio of the balls to powders was 10 to 1. Mechanical 

alloying was performed at room temperature using 

planetary miller (Fritsch Pulverisette-5) with a rotation 

speed about 300 r /min. All the samples were milled for 

0-200 h. 

X-ray diffraction (XRD) was carried out on a Philips 

X Pert PRO X-ray diffract meter using Cu Ka radiation 

(wave length = 0.15405 nm) and the excitation voltage 

and current were 40 kV and 30 mA, respectively. 

Differential scanning calorimeter (DSC) was conducted 

with a Perkin-Elmer Pyris DTA-TG Thermal System. 

3. RESULTS AND DISCUSSION 

Figure 1 shows a sequence of the x-ray diffraction 

(XRD) patterns recorded for the nanocrystalline Cu-25 

wt % Sn samples subjected to milling for increasing 

time. There exist sharp XRD peaks of Sn and Cu in the 

initial powders. It can be seen at milling time of 10 h 

that, all the x-ray patterns characterized by five mean 

peaks which refer to austenite phase. Ball milling of 

powders results in very fast partial transformation of 

austenite into martensite structure, observed already 

after 70 h of processing. During martensite 

transformation the austenite peaks intensities 

decreases, their positions shift to a lower angle with 

increasing milling time and considerable peak 

broadening can also be observed. Further milling only 

changes the proportions between both phases. The 

significant broadening of the diffraction peaks 

belonging to both phases testifies their nano crystalline 

nature with an enhanced lattice parameter. This 

gradual shift in peaks location may be attributed to the 

solid state dissolution of Sn in Cu. Similar observation 

was also reported in the previous work by researchers 

in ref. [16] during mechanical alloying in a Cu–Sn 

system. It is worth noting that the reverse 

transformation of martensite into austenite occurs with 

further milling since the x-ray diffraction patterns of the 

powders milled for 70 – 200 h display clearly the 

coexistence of martensite (M) and austenite (A). The 

phase transformation sequence during mechanical 

alloying of the powders is as follows: Cu-25 wt %Sn: -

Cu (cubic) + Sn (tetragonal)  orthorhombic structure 

(martensite). 

 

Figure 1: XRD patterns of powders milled with increasing 
time. A and M denote austenite martensite phases, 
respectively. 

The plotting of icos i versus sin i for martensite (a) 

and austenite phase (b) is shown in Figure 2 by using 

Williamson-Hall method. The goodness of fitting (R
2
) 

for the linear regression are determined in these plots 

for martensite phase as: icos i = 0.9923 sin i + 0.11 

(R
2 

=0.98) for 70h, icos i = 0.9879 sin i + 0.1113 (R
2 

=0.98) for 80h, icos i = 0.7606 sin i + 0.1272 (R
2 

=0.92) for 100h, icos i = 0.7525 sin i + 0.1315 (R
2 

=0.93) for 120h, icos i = 0.7521 sin i + 0.11324 (R
2 

=0.93) for 150h, icos i = 0.6259 sin i + 0.1608 (R
2 

=0.93) for 200h. Similar expressions for austenite 

phase can also be written as: icos i = 0.0258 sin i + 

0.0093 (R
2 

=0.63) for 10h, icos i = 0.0473 sin i + 

0.0074 (R
2 

=1) for 70h, icos i = 0.0436 sin i + 0.0098 

(R
2 

=1) for 80h, icos i = 0.0759 sin i + 0.0177 (R
2 

=1) 

for 100h, icos i = 0.0375sin i + 0.0179 (R
2 

=0.98) for 

200h. 

Figure 3 shows that 10 and 80 h of milling time for 

austenite leads to the grain size enlargement, while 

100 and 120 of millings lead to the grain size 

refinement quickly and 150 and 200 h of millings 

slowly. The average grain size increases until the 
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     (a)           (b) 

Figure 2: Plotting of i cos i versus sin i for martensite (a) and austenite phase (b). 

welding process dominates the milling process and 

oppositely it decreases after fracture process becomes 

dominant. The mean grain size of the powder particles 

for austenite phase is about 5 nm according to the XRD 

profile analysis; it is indicating that the grain reaches to 

nanometer scale after ball milling [16, 17]. 

The martensite structure (orthorhombic) was 

observed in the product of short time milled powders. 

On the other hand, the lattice parameters of the two 

phases were calculated from the XRD peaks using the 

Cu K  wave length of 0.15405 nm. The microstructure 

of mechanical alloying after 100 h milling is nano 

crystalline, a Cu solid solution with a lattice parameter 

of a0 = 2.983 A
0
 for austenite and a= 2.686 A

0
, b = 

4.487 A
0 

and c = 4.813 A
0
 for martensite phases, 

respectively. This result is in a good agreement with 

those obtained from study made by Kennon and 

Bowles for Cu-Sn alloy [18]. 

The changes of martensite fraction in the structure 

of Cu-25 wt % Sn alloy with milling time, determined by 

XRD technique are shown in Figure 4. The maximum 

content of martensite (approximately 46 %) is observed 

after relatively short milling time such as 20 h, as 

determined from XRD measurements. For longer 

milling times an increase of martensite fraction down to 

49 % is observed, followed by an increase up to 57 % 

after 100 h of processing. It was not possible to obtain 

100% martensite in powders. This case is suggested to 

be related to the presence of the probably the 

stabilization of the austenite by the small crystallite size 

and by the residual stresses generated during milling. 

       

     (a)       (b) 

Figure 3: Dependence of grain size and the lattice internal strain associated with the austenite phase on milling time. 
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Figure 4: Dependence of martensite fraction in the structure 
of the alloy Cu-25 wt % Sn on milling time, determined by 
XRD technique. Dependence of martensite fraction on the 
milling time is a function in the following form: Martensite 
fraction (%) = 8.613 ln [milling time (nm)] + 13.8. 

Using the DSC experiments for 100 h milling time, 

an endothermic reaction due to martensitic 

transformation was found in the Cu-25 wt % Sn 

sample. The austenite start temperature, As, was 

nearly-10 
0
C. This temperature observed in the alloy 

just mentioned above is close to that obtained from the 

previous study where the grain sizes of Cu–Sn alloy 

are of the order of nanometers [19]. An also typical 

shape memory alloy, such as Cu-25 wt % Sn alloy 

experiencing one martensitic forward and reverse 

transformation can be detected by DSC measurement. 

The results of DSC measurements in Figure 5 show 

that there exist broad two endothermic peaks in all the 

milled samples of 10, 120 and 200 h. The causes for 

the disappearance of exothermic transformation peaks 

on cooling can be described as follows: it is known 

from Figure 5, that the heat entropy of the reverse 

  

     (a)       (b) 

 

(c) 

Figure 5: DSC curves registered for selected ball milled samples of (a) 10 h, (b) 120 h and (c) 200 h. 
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transformation is very little. Such small heat entropy 

indicates that it is very difficult to detect the 

transformation on cooling. The authors in references 

[20, 21] also report the formation enthalpy of some Cu–

Sn binary intermetallic phases. For 200 h milling time, it 

is inferred that the largest exothermic and endothermic 

peaks seen in 75 
0
C and 125 

0
C in this figure are 

associated with some phase transitions. 

Figure 6 depicts SEM microstructure of Cu-25 wt % 

Sn alloy specimens at a magnification of 200, for 

various stages of milling times: (a) as received (0 h), 

(b) 20 h, (c) 70 h, (d) 200 h. From measurements with 

a lot of grains, the grain sizes are 150–300 nm for the 

Cu–Sn alloy. The un milled powders have rounded 

shapes and their grain sizes range between 1 and 10 

nm and are very fine. 

It is reported that the peak broadening and the 

reduction in intensity of the diffraction peaks of ball-

milled powders are associated with the refinement in 

crystallite size, lattice internal strain, and the 

instrumental effects [22, 23]. In the sample with 10 h 

ball-milling or less, little solid solution took place 

between the powder particles, as evidenced by the 

presence of the diffraction peaks of Sn. As is shown in 

SEM micrograph in Figure 6b, the presence of Sn 

diffraction peaks at this stage is in agreement with the 

in homogeneity of powder microstructure.  

On the other hand, although the grain size is not 

drastically reduced, the powders tend to becoming 

elongated and platelet shapes are developed Figure 6b 

as the milling time increases. Moreover, the rounded 

shapes of the grains remain roughly unchanged after 

milling for large hours. Moreover, SEM observations 

  

    (a)       (b) 

   

    (c)       (d) 

Figure 6: SEM micrograph observed in Cu-25 wt % Sn sample for various milling times of (a) as received (0 h), (b) 20 h, (c) 70 
h, (d) 200 h.  
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reveal that after milling for 20 h, these rounded shapes 

are often found to be composed of a large number of 

grains, which form aggregates of a few micrometers. 

Mechanical alloying is a solid-state powder processing 

involving repeated welding, fracturing and re-welding of 

particles in a high-energy ball milling [24]. The 

agglomerated particles are obviously observed at the 

milling time of 70 h, with the particle size of 16.7 μm 

(Figure 6c). Therefore, serious welding occurred at this 

time interval. 

It is known that the martensite phase is formed 

subsequently by cooling below the martensite start 

temperature. The reaction proceeds while the 

temperature is falling. Taking into considering this 

situation, a variation of martensite volume fraction as a 

function of the grain size had been plotted in Figure 7. 

In prolonged milling, it is seen that the volume fraction 

of stress-induced martensite during ball milling 

decreased from 57 % for the sample with the smallest 

grain size of 8.6 nm down to 53% for the one with 

largest grain size of 20.8 nm, i.e., the larger the grain 

size is, the lower the volume fraction of stress-induced 

martensite is. It is reported in ref. [25] that the 

martensitic transformation temperature, MS, decreases 

with a decrease in grain size, because the grain 

boundaries serve as barrier of nucleation of the 

transformation, while it is reported in ref. [26] the 

martensitic transformation temperature increases as 

the grain size decreases because the interaction 

between martensite plates and grain boundaries 

increases the elastic strain energy which facilitates the 

nucleation of new plates. Moreover, it is reported by 

Suzuki et al. in an another ref. [27] that a significant 

lowering of the transformation temperatures in 

nanometer crystals compared to those in micrometer 

crystals since the difference in transformation behavior 

between the nanometer crystals and the micrometer 

crystals may be originated from the transformation 

mechanisms of nucleation. Based on the above results, 

it can be inferred, even though unverified, that the 

martensitic transformation temperature should increase 

as the grain size decreases. Whereas, in DSC plot, 

small heat entropy associated with the martensitic 

transformation indicates that it is very difficult to detect 

the transformation temperature on cooling. The results 

just mentioned above are rather opposite to the well-

known effect of MS temperature increase as the grain 

size increase [28]. 

4. CONCLUSION 

From this study, the following main conclusions can 

be drawn:  

The effect of different ball-milling times on the 

structural characteristics of the powders alloy Cu-25 wt 

% Sn was investigated for various periods of milling 

time from 0 to 200 h. Ball-milling for 200 h led to the 

formation of a relatively equiaxed shape and smaller 

size powder particles with more asymmetrical particle-

size distribution than the powders ball-milled for 10 and 

20 h. Considering the flattened particle morphology 

shown in Figure 5 it seems that a balance was not 

achieved after 20 h milling time. 

In Figure 3 the crystallite size and lattice strain were 

estimated from Williamson-Hall plot. It can be seen that 

the crystallite size increased at very beginning of the 

milling process, decreased rapidly at the 70 h of the 

milling process, and then continued to decrease slowly 

with the prolonged milling. Therefore, the most 

intensive refinement occurs in the stages of milling, 

nearly 70-100 h, when the crystallite size abruptly 

decreases from approximately 22 nm to 9 nm. 

With the increase of milling time, the martensitic 

volume fraction increases generally and then 

decreases during mechanical alloying of Cu-25 wt % 

Sn because the whole energy occurred in ball milling 

process initiates the phase transition and more energy 

can be provided for the reverse transformation. 

The optimum ball milling time for fabricating Cu-25 

wt % Sn alloy powders is determined as 70 h, while 

Cu-25 wt % Sn alloy powders are fabricated 

successfully by the optimum milling conditions deduced 

from Cu and Sn powders. 
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Figure 7: Grain size vs. martensite fraction. 



Structural Evolution Properties of Cu-25 wt %Sn Journal of Advanced Thermal Science Research, 2014, Vol. 1, No. 1      31 

REFERENCES 

[1] Skorokhod VV, Solonin YuM, Uvarova IV. Chemical diffusion 
and rheological processes in technology of powdermatarials. 
Naukova Dumka, Kiev 1990; 247. 

[2] Skorokhod VV, Uvarova IV, Ragulya AV. Physico-chemical 

kinetics in nanostructured systems. Academperiodica, Kiev 
2001. 

[3] Bykov AI, Polotai AV, Ragulya AV, Skorokhod VV. Synthesis 
and sintering of nanocrystalline barium titanate powder under 

nanoisothermal conditions. Powder Metallurgy and Metal 
Ceramics 2000; 7(8): 88-98.  

[4] Koval'chenko MS, PetrykinaRYa, Samsonov GV. 
Densification of niobium powder in hot pressing.Poroshk. 
Metall 1969; 9: 5-9.  

[5] Koval'chenko MS, Ochkas LF. Creep in the hot pressing of 
titanium carbide powder. Poroshk. Metall 1973; 1: 28-37.  

[6] Koval'chenko MS, Mai MM. Creep in the hot pressing of 
titanium diboride powder. Poroshk. Metall 1973; 8: 23-27.  

[7] Dogan A, Arslan H. Effect of ball-milling conditions on 
microstructure during production of Fe-20Mn-6Si-9Cr shape 
memory alloy powders by mechanical alloying. J Therm Anal 

Calorim 2012; 109: 933-938.  
http://dx.doi.org/10.1007/s10973-011-1809-x 

[8] Benjamin JS. US Patent US3 660 049. May 2. 1972. 

[9] Benjamin JS. British patent 1 298 944. December 6. 1972. 

[10] Suñol JJ, Fort J. Materials developed by mechanical alloying 

and melt spinning, International Review of PHYSICS, 2008; 
2: 31-35.  

[11] Suryanarayana C. Mechanical Alloying and Milling. Prog 
Mater Sci 2001; 46: 1-184.  
http://dx.doi.org/10.1016/S0079-6425(99)00010-9 

[12] Cortie MB, Mavrocordatos CE. Thedecomposition of the bata 
phase in thecopper-tin system. Metal Trans 1991; 22 A: 11-
18.  

[13] Zhu M, Fecht HJ. Softening effect in nanocrystalline Fe-Cu 
supersaturated solid solutions. Nanostr Mater 1995; 6: 921-

935.  
http://dx.doi.org/10.1016/0965-9773(95)00210-3 

[14] Zhang FL, Wang CY, Zhu M. Nanostructured WC/Co 
composite powder prepared by high energy ball milling. 

Scripta Mater 2003; 49: 1123-1128. 
http://dx.doi.org/10.1016/j.scriptamat.2003.08.009 

[15] Davis RM, Koch CC. Mechanical alloying of brittle 
components: Silicon and germanium. Scripta Metall 1987; 
21: 305-310. 
http://dx.doi.org/10.1016/0036-9748(87)90218-3 

[16] Yang Y, Zhu Y, Li Q, Ma X, Dong Y, Chuang Y. A Mössbauer 
Study on the Mechanically Alloyed Cu-Sn Alloys. J Mater Sci 
Technol 1998; 14(6): 551-554.  

[17] Hong LB, Bansal C, Fultz B. Steady state grain size and 

thermal stability of nanophase Ni3Fe and Fe3X (X = Si, Zn, 
Sn) synthesized by ball milling at elevated temperatures. 
Nanostructured Materials 1994; 4(8): 949-956. 
http://dx.doi.org/10.1016/0965-9773(94)90101-5 

[18] Kennon NF, Bowles JS. The crystallography of the B.C.C. to 

orthorhombic 1 martensite transformation in copper-tin 
alloys. Acta Met 1969; 17: 373-380.  
http://dx.doi.org/10.1016/0001-6160(69)90017-0 

[19] Yuasa M, Kajikawa K, Hakamada M, Mabuchi M. A 

superelastic nanocrystalline Cu- Sn alloy thin film processed 
by electroplating. Materials Letters. 2008; 62(29): 4473-4475.  
http://dx.doi.org/10.1016/j.matlet.2008.08.008 

[20] Ipser H, Flandorfer H, Luef C, Schmetterer C, Saeed U. 
Thermodynamics and phase diagrams of lead-free solder 
materials. J Mater Sci Mater Electron 2007; 18(1): 3-17. 

[21] Flandorfer H, Saeed U, Luef C, Sabbar A, Ipser H. Interfaces 
in lead-free solder alloys: Enthalpy of formation of binary Ag-
Sn, Cu-Sn and Ni-Sn intermetallic compounds. Thermochim 

Acta 2007; 459: 34-39.  
http://dx.doi.org/10.1016/j.tca.2007.04.004 

[22] Lü L, Lai MO. Mechanical Alloying, Kluwer Academic 
Publishers, Boston, 1998, p.26.  
http://dx.doi.org/10.1007/978-1-4615-5509-4 

[23] Nouri A, Hodgson PD, Wen C. Effect of ball-milling time on 

the structural characteristics of biomedical porous Ti-Sn-Nb 
alloy. Mater Sci Engineer C 2001; 31(5): 921-928. 
http://dx.doi.org/10.1016/j.msec.2011.02.011 

[24] Liu DH, Liu Y, Zhao DP, Wang Y, Fang JH, Wen YR, Liu 
ZM.Effect of ball milling time on microstructures and 

mechanical properties of mechanically-alloyed iron-based 
materials. Trans. Nonferrous Met. Soc China 2010; 20(5): 
831-838.  
http://dx.doi.org/10.1016/S1003-6326(09)60222-3 

[25] Tong YX, Liu Y, Miao JM, Zhao LC. Characterization of a 

nanocrystalline Ni-Ti-Hf high temperature shape memory 
alloy thin film.Scr Mater 2005; 52(10): 983-987. 
http://dx.doi.org/10.1016/j.scriptamat.2005.01.030 

[26] Guilemany JM, Gil F. Determination of the relationship 

between Ms and As transformation temperatures and 
chemical composition for Cu-Al-Zn-Mn shape memory alloys. 
J Mater Res Bull 1990; 25: 1325-1332. 
http://dx.doi.org/10.1016/0025-5408(90)90092-G 

[27] Suzuki T, Shimono M, Wuttig M. Martensitic transformation in 

micrometer crystals compared with that in nanocrystal. Scr 
Mater. 2001; 44(8-9): 1979-1982.  
http://dx.doi.org/10.1016/S1359-6462(01)00824-7 

[28] Otubo J, Nascimento FC, Mei PR, Cardoso LP, Kaufman MJ. 

Influence of austenite grain size on mechanical properties of 
stainless SMA. Materials Transactions 2002; 43(5): 916-
919. 
http://dx.doi.org/10.2320/matertrans.43.916 

 
Received on 10-07-2014 Accepted on 22-08-2014 Published on 17-10-2014 

DOI: http://dx.doi.org/10.15377/2409-5826.2014.01.01.4 

© 2014 Hüseyin Arslan; Avanti Publishers. 
This is an open access article licensed under the terms of the Creative Commons Attribution Non-Commercial License 
(http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted, non-commercial use, distribution and reproduction in 
any medium, provided the work is properly cited. 
 


