
 

Sana'a University Journal of Applied Sciences and Technology https://journals.su.edu.ye/index.php/jast 

Vol. 1 | No. 3 | Page 225 – 233 | 2023 |                         ISSN : 2958-9568 

Doi:10.59628/jast.v1i3.487  

 

JAST Sana'a University Journal of Applied Sciences and Technology                                                      225 

ARTICLE INFO            KEYWORDS 
Article history: 1. Sn-xCu-18In alloys  

Received:  July 6, 2023 2. Structure  

Accepted:  July 11, 2023 3. Creep resistance  

Published: August, 2023 4. Activation energy  

   

ABSTRACT  

Materials science is concerned with the development or synthesis of new materials. For this reason, our 
interest is focused on the fabrication of new materials, such as lead-free solder alloys. Sn-In alloys offer 
very low melting points and bond well with copper. This study aims to investigate the structural and 
mechanical properties of (82-x) Sn-18In alloys with added copper. The samples were prepared by melting 
technology from the high-purity (99%) elements tin, indium, and copper. XRD showed the formation of a 
single-phase hexagonal structure with a small copper plane, and the addition of copper decreased the particle 
size of the (82-x) Sn-18In. The creep test results showed that Cu-containing solder alloys exhibited 
significant improvements in creep resistance. However, the average activation energy decreases with copper 
addition from 0.322 to 0.247 eV. 
 

CONTENTS  

1. Introduction  

2. Materials and Methods  

3. Results Discussion  

4. Conclusion    

5. References  

6. Introduction  

1. Introduction:   
          Since the recent emergence of 

environmental regulations that eliminate the use 

of Pb in soldering and bonding technologies in 

the electronic industry, the study of Pb-free 

alternative alloys has received significant 

attention[1]. Over the past decade, extensive 

efforts have been devoted to developing 

alternative Pb-free solders [2]. Sn-based alloys 

are among the preferred Pb-alloy substitutes in 

bonding technology ; because of their low 

melting points, low cost, good wettability, etc 

[3]. Currently, several types of lead-free solders, 

such as Sn–Ag, Sn–Cu, Sn–In, Sn–Bi, Sn–Zn, 

Sn–Ag–Cu, and Sn–Zn–Bi, have been developed 

[4].Sn–In binary alloys, particularly the Sn-20.0 

wt%In alloy, have been regarded as  base-alloys 

for low-temperature applications[5]. In addition 

to being lead-free, they offer very low melting 

points and bond well to copper, nickel, and gold 

substrates. They are particularly attractive for use 

in systems that require low-temperature 
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processing, such as optoelectronic devices [6]. 

The addition of elements such as Ag, Cu, and Zn 

has been introduced as an effective method to 

improve the mechanical strength of eutectic In–

Sn alloys,and several studies have investigated 

the effects of Cu on In–Sn alloys [7]. For 

example, Duy Le Han investigated the effects of 

Cu addition on the microstructure and 

mechanical properties of an In–Sn-based low-

temperature alloy. They found  that the melting 

temperatures of the In–Sn–Cu (ISC) alloys were 

close to those of eutectic In–Sn alloys (115 ⁰C) 

because of  the ternary reaction in the ISC alloys; 

Furthermore, the In–Sn-1.0Cu alloy exhibited 

the highest elongation of 74%, which was more 

than twice that of the  In–48Sn alloy. 

Simultaneously, the In–Sn-8.0Cu alloy exhibited 

the highest tensile strength of approximately 17.0 

MPa, which was 1.5 times that of the In–48Sn 

alloy. However, the effect of Cu on the 

mechanical properties of Sn–In alloys has not 

been fully understood, especially the relationship 

between the microstructure of the alloy and it's 

mechanical properties[8]. Therefore, this study 

aimed to investige  the effects of  Cu 

concentration (1,2,3,4 and 5 wt%) on the  

structure, tensile strength, and activation energy 

of the (82-x)Sn-18In  alloy with Cu addition.  

 

1. Materials and methods 

2.1. Materials preparation : 

Five copper (Cu) content concentrations (1,2,3,4. 

and 5 wt%) were selected as doping additions to 

the (82-x)Sn-18In alloy. The purity of all 

elements of tin, induim  and copper  was 

approximately 99%. 

 Pure elements were weighed using an  electronic 

balance with a resolution of 1 ×10-4g.Then the 

mixture was placed in a Pyrex tube. In  an electric 

furnace at 550 ⁰C for 2 hours the samples  were 

melted and then left to cool slowly  at  room 

temperature to obtain samples with fully 

precipitated phases, after which  all the Pyrex 

tubes were broken to obtain the sample. The 

samples were drawn in to two groups: The first 

group consisted of   wires of the same diameter  

(d =0.5 mm ) and  length (L= 60 mm) for the 

creep resistance test.second group consisted of 

small sheets for structural investigation ,after 

which all the samples  were polished using  

silicon paper and  washed in a solution of 

(CH3COCH3).  

 

2.2. Materials investigation 
     X-ray diffraction (XRD) was performed with   

Shimadzu EDX-720 model using CuKα 

radiation (λ = 0.154056 nm), and the source was 

operated at a voltage of 40 kV.with a constant 

scanning rate of 0.02/1sec. The tensile creep test 

was applied to all samples under four constant 

loads (2.4, 6.2, 8.7and 11.2) MPa at three testing 

temperatures (25, 40, and 80 ◦C) using a 

computerized vertical tensile test. 

 

3. Results and discussion 

    The findings of this study are classified into 

the structural and mechanical  properties of [(82-

x)Sn-xCu-18In] alloys in concentrations as 

follows: 

3.1. Structural analysis :  
The X-ray diffraction patterns for (82-x)Sn-xCu-

18In were obtained at room temperature. The 

values of 2Ѳ-Bragg's angle, d-spacing for the 

recorded peaks, and the corresponding relative 

intensities I/Io (where Io is the maximum 

intensity peak ) for each pattern, and those 

obtained from JCPDS(PDF#48-1647) for 80Sn -

20In, ensure that all prepared alloys were found 

to have a single-phase hexagonal structure  with 

a small plane (111) of the copper. It can be seen 

that the copper  addition changes the intensities 

of all Sn20-In peaks, and the position 2θ has been 

changed. This indicates that a shift in80Sn-20In 

peaks occurred. This may be attributed to the 

dissolution of the copper  atomicsize atoms in the 

80Sn-20In  matrix which changed the lattice 

parameters and caused a shift in the80Sn-20In  

diffracted lines. The phases and crystal systems 

are shown in  Fig (1).  

The particle size and dislocation density were 

studied as a function of  the Cu content,  as shown 

in Fig (2). The particle sizes of  the (82-x)Sn–

18In-xCu  alloys were calculated according to 
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the Scherrer formula (Williamson and Hall, 

1953)[ 9 ] 

 

Fig(1): XRD Patterns of the Sn-XCu-18In alloys 

 

 

D = 
0.9 𝜆

𝛽 𝑐𝑜𝑠𝜃
  ,                              (1) 

where D is the particle size, β is the full width at 

half maximum intensity (radians), θ is the Bragg  

angle, and λ is the X-ray  wavelength. 

The average particle size values are listed in 

Table (1). The dislocation density was calculated  

according to G. K. Williamson and W. H. Hall 

by using[10] 

𝛿= 
1

𝐷2 .                                      (2)  

 
Table (1): The details of XRD analysis of Sn-In-xCu 

alloys. 

Samples In 

wt.% 

Particle 

size(D) 

(nm) 

Dislocation 

density(δ) 

×10-4 (nm-2) 

Lattice 

distortion 

(Ƹ)×10-3 

81Sn-1Cu-18In 37.957 7.1 1.09 

80Sn-2Cu-18In 29.220 11.8 1.34 

79Sn-3Cu-18In 28.704 12.7 1.48 

78Sn-4Cu-18In 34.141 7.9 1.11 

77Sn-5Cu-18In 27.435 13.6 1.53 

 

Table (1)  shows that, with the addition of 

copper, the particle size of (82-x)Sn-18In-xCu 

was  reduced. Copper atoms act as barriers to 

80Sn-20In formation, through the solidification 

process that leads to the 80Sn-20In reduction ,it 

is clear that, as shown in Table (1) and Fig (2). 

Lattice distortion values were calculated 

according to G. K. Williamson and W. H. Hall 

[10]: 

𝛽  𝑐𝑜𝑠 𝜃   = 
𝜆

𝐷
 + 4 휀  𝑆𝑖𝑛 𝜃              (3) 

, where D is the grain size of the 80Sn-20In  

matrix and ε is the  local lattice distortion. 

 

 
 

Fig (2): The variation in particle size values of SnIn 

with Cu-content and the variation in dislocation density 

values with Cu-content 

 

3.2 X-ray density(Dx) and bulk density (Db ) : 
 

   The density for the samples were calculated  

using the relations: 

    Dx= 
𝑧 𝑀𝑤𝑡

𝑁𝑎 𝑉
                                   

     Db= 
𝑚

𝑉
                                      (4) 

        , where z is the number of  atoms in the unit 

call, Mwt is the molar mass, Na  is the Avogadro’s 
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number, m is the mass of the sample, and V is the  

volume of the sample [11].  

 
Table(2):The X-ray density(D x) and bulk density(D b )  of 

all alloys samples  . 

Sample no 
Cu 

content 

Dx 

(gm/cm3) 

Db 

(gm/cm3) 

Sn-1Cu-18In 1 7.41 7.26 

Sn-2Cu-18In 2 7.49 7.32 

Sn-3Cu-18In 3 7.4 7.21 

Sn-4Cu-18In 4 7.47 7.17 

Sn-5Cu-18In 5 7.56 7.4 

      From Fig (3)  and Table (2) it can be seen that  

the calculated density from the X-ray diffraction 

spectrum showed that it decreased with  

increasing  Cu addition. Owing the lattice 

expansion in the a and c-axes with Cu addition, a 

slight change occurred in the (c/a) values from  

0.937  to  0.944. 

The maximum axial ratio value (c/a) = 0.944 was 

at( 5.0 )wt % of Cu due to the increase in   the c-

axis and the contracting a-axis, which means that 

the cell volume decreases to 25.53  (Å3) as shown 

in Table (3). 

 
Fig (3): The X-ray density(D x) and bulk density (D b ) 

as a function of Cu Content 

 
Table (3) 

Sample no a(nm) c(nm)  
 (c/a)  

  

Cell 

volume  

 (Å 3 ) 

Sn-1Cu-18In 3.1874 2.9875 0.937 26.328 

Sn-2Cu-18In 3.1695 2.9763 0.939 25.90 

Sn-3Cu-18In 3.173 2.9813 0.939 25.99 

Sn-4Cu-18In 3.161 2.9763 0.942 25.75 

Sn-5Cu-18In 3.1482 2.9739 0.944 25.53 

 

3.3 Mechanical and creep behavior  

 

The effects of different copper  supplements on 

the mechanical properties of 82Sn–18In  alloys 

are discussed, in terms of the stress exponent, and 

creep behavior. The structural stability of any 

alloy system is directly reflected in it's 

mechanical performance depending on the 

bonding nature of the constituent atoms [12]. 

Figs. (4 a, b, c, d, e, and f) indicate the strain 

behavior with creep time for all alloys. This test 

was conducted under four constant loads 

(2.4,6.2,8.7 and 11.2  MPa) at three working 

temperatures (25, 40, and 80 ◦C). For all 

subs(Fig. 4), it was shown that the strain rate with 

of the (11.2MPa) load  and temperature (80 ◦C) 

is higher than that with the other loads (2.4, 6.2, 

and 8.7  MPa) and temperatures (25 and 40 ◦C), 

which is returned to the pressure ratio per unit 

area and facilitates dislocation movement at high 

temperatures [13].  

 
Table (4): The variation in creep rate  values of Sn-18In-

xCu  alloys 

S
a

m
p

les in
 

w
t.%

 

L
o

a
d

s in
 

M
P

a
 

Creep rate (s-1) 

Temperature 

25 ⁰C 50 ⁰C 80 ⁰C 

 

S
n

-1
C

u
-In

 

    

2.4 MPa 2.489E-7 2.774E-7 1.924E-6 

6.2 MPa 3.319E-6 2.360E-5 2.4897E-5 

8.7 MPa 5.327E-6 4.20E-5 2.0971E-5 

11.2 MPa 5.70E-5 4.319E-5 2.4607E-4 

 

S
n

-2
C

u
-In

 

    

2.4 MPa 2.79E-7 5.824E-7 3.7401E-6 

6.2 MPa 3.09E-7 5.608E-6 2.482E-5 

8.7 MPa 1.165E-5 1.9402E-5 4.464E-5 

11.2 MPa 4.027E-5 5.741E-5 3.9658E-4 

 

S
n

-3
C

u
-In

 

    

2.4 MPa 2.623E-7 3.980E-7 1.666E-6 

6.2 MPa 3.623E-6 6.050E-6 2.331E-5 

8.7 MPa 1.240E-6 4.665E-5 8.557E-5 

11.2 MPa 5.85E-5 2.248E-5 6.497E-5 

 

S
n

-4
C

u
-In

 

    

2.4 MPa 1.262E-7 5.737E-7 1.4815E-6 

6.2 MPa 3.245E-6 1.101E-5 9.742E-5 

8.7 MPa 1.515E-5 2.133E-5 7.850E-5 

11.2 MPa 4.317E-5 1.467E-4 1.5004E-4 

 

S
n

-5
C

u
-In

 

    

2.4 MPa 2.439E-7 1.839E-7 1.111E-6 

6.2 MPa 3.46E-6 2.454E-6 1.810E-5 

8.7 MPa 1.448E-5 8.724E-6 8.440E-5 

11.2 MPa 3.594E-5 1.754E-5 6.6114E-5 
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The 81Sn-18In-1Cu  alloy exhibited the lowest 

creep resistance (high creep rate) at all loads and 

temperatures; however, the 77Sn-18In-5Cu alloy 

exhibited the highest creep resistance (low creep 

rate) at all loads and temperatures, as shown in 

Fig. (4) and Table (3). 

These improvements in creep resistance can be 

attributed to the distribution of copper atoms, 

which imped dislocation movement. 
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Fig (4): (a) , (b), (c),(d),(e),(f),(g) ,(h),(i),(j) , (k)and (L) 

Strain-time curves for Sn-18In –xCu  alloys at constant 

loads with different temperatures 

 

n= 
𝜕ln (𝜀.)

𝜕ln (𝜎)
                                   (5) 

, where ε˙ is the strain rate and σ is the stress. 

  The calculated (n) values with 2.4, 6.2, 8.7  and 

11.2 MPa loads and different temperatures are 

tabulated in Table (5). indicated that by 

increasing the working temperature,; the stress 

exponent (n) decreases because of the instability 

of the microstructure at elevated temperatures, 

and this decrease in stress exponents led to an 

increase in the creep rate [ 14 ]. 

 

 
Table (5): The Stress exponent values (n) of Sn-18In-

xCu alloys 

Samples Cu Wt % Stress exponent (n) 

Temperature 25 ⁰C 50 ⁰C 80 ⁰C 

81Sn-1Cu-18In 3.53 3.09 2.88 

80Sn-2Cu-18In 3.16 2.74 3.02 

79Sn-3Cu-18In 3.02 2.25 2.47 

78Sn-4Cu-18In 3.47 3.07 2.80 

77Sn-5Cu-18In 2.98 2.62 2.82 

 

    According to the above-mentioned data,        

the suggested creep mechanism for the 81Sn-

18In-1Cu, 80Sn-18In-2Cu, 79Sn-18In-3Cu, 

78Sn-18In-4Cu and 77Sn-18In-5Cu alloys at (25 

and 40 ⁰C) are dislocation climb and  dislocation 

creep at (80 ⁰C).  

 
Fig. (5): The stress exponent (n) of 82Sn-18In-xCu 

with different temperatures. 

 

Table (6) indicates the activation energy 

calculated from the relation between ln (creep 

rate). Moreover, the 1000/T (K -1 ) of  steady-

state creep is shown in  Fig. (6).  

The activation energy obtained from the slopes 

of the straight lines in Fig. (4) is listed in Table 

(6). The results show that with the doping of 

copper into the (82-x)Sn-18In  alloy, the 

activation energy clearly changed and increased 

with the addition of copper . This shows that 

the77Sn-18In-5Cu alloy has the highest 

activation energy value compared to the 81Sn-

18In-1Cu, 80Sn-18In – 2Cu, 79Sn-18In-3Cu,78 

and Sn-18In-4Cu  alloys, which is consistent 

with its high creep resistance. It is also noticeable 

that the activation energy decreases with 

increasing applied stress, which means that the 

activation energy depends strongly on the 

applied stress [15 ]. 

 
Table (6): Activation energy (Q (eV)) of the Sn-XCu -18In 

Samples in 

wt.% 

  Q (eV) under the load: Average 

Q (eV) 2.4  

MPa 

6.2 

MPa 

8.7  

MPa 

11.2 

MPa 

Sn-1Cu-18In 0.337 0.331 0.378 0.242 0.322 

Sn-2Cu-18In 0.390 0.360 0.370 0.193 0.325 

Sn-3Cu-18In 0.317 0.273 0.271 0.212 0.268 

Sn-4Cu-18In 0.270 0.343 0.380 0.227 0.314 

Sn-5Cu-18In 0.237 0.180 0.235 0.33 0.247 

 

https://journals.su.edu.ye/index.php/jast


JAST  A.H. Al-Hammadi  et.al 
 

232 JAST  Vol. 1 | No. 3 | 2023 |  
 

 

 

 
 

Fig (6) : (a), (b), (c) and (d) The relation between 

Ln(ε') and 1000/T for Sn -xCu -18In Alloys at(2.4, 6.2, 

8.7 and 11.2) MPa 

4. Conclusion 

   This study investigates the (82-x)Sn-18In 

alloys with the additions of x wt% copper and  

investigates some of their structures and 

mechanical properties as functions of load and 

temperature. The X-ray diffraction analysis of 

the samples confirms the formation of a single 

phase structure with the existence of a small 

(111)* amount of copper. The average particle 

size decreases, thus the strain rateis reduced, that 

directly improves the mechanical performance 

and reliability  of the alloys. 

          The creep results shows that the Cu-        

containing solder alloys exhibits a significant 

refinement in creep resistance. This refinement 

in creep resistance can be attributed to the 

presence of copper  atoms which act as barriers 

to the movement of  dislocations.  

The activation energy (Q) values of the alloys 

show  that the activation energy decreases with 

increasing the Cu added amount. It has been 

observed that the 77Sn-18In-5Cu alloy has the 

lowest activation energy value compared to the 

81Sn-1Cu-18In, 80Sn-2Cu-18In, 79Sn-3Cu-

18In, 78Sn-4Cu-18In alloys, which is consistent 

with its high creep resistance. In addition, the 

activation energy decreases with the increase in 

the applied stress, which ensures that the 

activation energy depends on the applied stress. 
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