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Abstract 
The act of soldering that is devoid of any debilitating health hazards is a global concern necessitating the 
development of varied lead-free solders exhibiting desirable solderability. In this study, a lead-free solder composed 
of tin-iron millscale-copper (Sn-FeO-0.2Cu) alloy was fabricated by casting and characterised for mechanical 
properties critical to its functionality while the iron millscale (IMS) varied from 1-5 wt.%. The cast alloy samples 
were evaluated for microstructure and mechanical properties (elastic modulus, yield strength, ultimate tensile 
strength and hardness) using optical microscope and relevant state of the arts mechanical characterisation tools 
respectively. Results show positive comparison with established solders mechanical properties. This is attributed to 
the coherency of IMS with the tin matrix on one hand and the role of dislocation motion impediment played by the 
Fe-Cu intermetallic formed within the relatively soft tin matrix on the other. The solder melts in the range of 245-
2550C suggesting its suitability for soldering electric motors, car radiators and other high melting point (HMP) 
soldering. 
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1.0 INTRODUCTION  
The drive for the development of lead-free solder materials for varied applications is an active 
research concern globally. This has become more imperative in the light of stringent legislations 
against the use of leaded solders coupled with the ever increasing challenge of joining critical 
electrical and electronic components in hi-tech structures (Leads Direct, 2006, Warren, 2004, 
Anderson, 2007). Currently, the tin-silver-copper (SAC) alloy systems have emerged as one of 
the effective and reliable lead-free solder composition in micro-electronics applications (Caro et 
al., 2007, Alan, et al., 2002). However, based on factors such as cost, processing flexibility and 
peculiarity of area of application, researchers by way of innovation have introduced different 
elements as replacement for silver in comparable SAC composition designs. This effort has 
widened the latitudes and availability of reliable and cost competitive lead-free solders. The 
current study aims at using iron millscale (IMS) innovatively in place of silver within the Sn-Cu 
system that is devoid of drossing phenomenon. 
 

Iron millscale is usually formed on the surfaces of hot rolled profiles such as plates, sheets and 
bars. On the basis of the best rolling practice adopted, between 35 and 40 kg of IMS is 
produced per metric ton of hot rolled steel bar (IISI, 1987). This represents about 4 % yield loss 
to steel millers thereby reflecting a huge difference between input stock and final output 
tonnages (Danlov, 2003). The accumulation of IMS on the shop floor over time usually creates 
handling and disposal challenges.  

Consequently, researchers have proposed various efficient methods and possible areas of its 
application in different engineering materials as value addition. These may also contribute to a 
boost in cleaner environment (Seok-Heumbaek et al., 2010, Gaballahi et al., 2013, Saberifar et 
al., 2014, Mamdouh et al., 2015). 

Mechanical Characterisation of Cast Sn-XFeO-0.2Cu Solder Alloy 
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Enhancement of solders performance and solderability is known to be impacted by physical, 
electrical and thermo-mechanical parameters (Yee and Haseeb, 2016). All of these parameters 
are influenced by the solders’ microstructures induced sequel to compositional design that 
might have been executed to influence these properties (McCormack et al., 1994, Zhou, et al., 
2007, Ervina et al., 2017). However, the current study focuses on the mechanical characteristics 
critical to the solder’s functionality which include; elastic modulus, hardness, yield strength, 
fatigue-life among others. The addition of IMS particles into Sn-Cu system in this study is meant 
to trigger the formation of a type of eutectic phase that solidifies over a range of temperatures. 
This solidification regime can be taken advantage of such that during soldering, the cooling rate 
of the liquid|molten solder is controlled to obtain varied microstructures that enhance the 
desired mechanical properties. For example, Chawla, et al. (2004) obtained significant 
improvement in the Young’s modulus of Sn-3.5Ag solder as the cooling rate was controlled 
resulting in desirable Ag3Sn morphology. The information obtain from this study will therefore 
provide the scientific basis for the use of IMS waste in the production of lead-free solders. 

 

2.0 MATERIALS AND METHOD 
2.1 Materials 
The three major materials used in this study are tin (Sn), copper (Cu) and iron millscale (FeO). 
Tin (Plate 1a) in powder form was procured through the Federal Institute of Industrial Research, 
Oshodi, (FIIRO) Lagos, Nigeria, copper (Plate 1b) foils were obtained commercially while iron 
millscale (Plate 1c) was supplied by Federated Steel Mill, Ikeja, Nigeria. The iron millscale 
composition (Table 1) was obtained through x-ray fluorescence (XRF) analysis with the loss on 
ignition (LOI) observed to be 0.001. 
 

 
(a) 

 
(b) 

 
(c) 

 Plate 1: Experimental materials (a) Tin (b) Copper (c) Iron millscale 

 

Table 1: Chemical composition of iron millscale by XRF analysis 

Compounds FeO Fe2O3 Fe3O4 SiO2 MgO CaO MnO 
Weight (%) 68.809 24.735 6.184 0.011 0.016 0.220 0.024 

         
 
2.2 Method 
The materials design in the solder consists of iron millscale (IMS) particles varied from 1-5 wt. % 
while the copper concentration was fixed at 0.27 wt. % and tin filled up the balance. The 
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corresponding mass of each material was also computed for the alloy samples (Table 2). 
Justification for this alloy ratio stems from literature which stipulates that addition of copper in 
tin-based lead-free solder alloys should be restricted to 0.1 – 0.5 wt. % due to the tendency of 
copper to cause adverse reflow of joint produced by the solder (Carol, et al., 2007). Moreover, 
tin being the base material is normally present between 95 wt. % and 98 wt. % while both Cu 
and IMS are usually in trace amounts to effect microstructure modifications and prevention of 
undesirable dross formation (Qing, et al., 2005).  
 
Table 2: Experimental materials formulation matrix 

 
Iron millscale was oven dried, ground in a ball mill and sieved to 106 µm particle size while tin 
was also pulverized and copper foils were mechanically sized into tiny pieces chargeable into a 
small crucible pot. The melting of the charges in a pit furnace was carried out according to the 
alloy design whereby five melting cycles were carried out sequentially with regard to the varied 
mass of tin and IMS particles. Although the charges theoretical melting temperature varies; tin, 
2320C, copper, 10830C and IMS, 13770C, it was observed that the mixture melted at 4500C. This 
is attributable to established principle melting temperature depression due to mixing of alloy 
elements (Oh, et al., 1996, Askeland, 1989, Lewis, et al., 2002). According to Bradley and 
Hranisavlevic (2001), the mixing of 96.5%Sn with 3.5%Ag depressed the liquid temperature of 
the solid to 2210C compared with the theoretical melting temperature of pure silver and tin 
which is 9610C and 2320C respectively. The charges became molten at 3500C, homogenised to 
3550C and cast in a cylindrical metal mould (Plate 2a) with three slots to cast three samples for 
each melting cycle. Some of the cast alloy samples are shown in Plate 2b while the chemical 
composition of the cast solder alloy is presented in Table 3. 
             

           
Plate 2a: Metal mould with inscribed         Plate 2b: Cast  solder bar samples  
                 three slots 
 
 
 
 

 

 
SAMPLES 

FORMULATION MATRIX 
1 2 3 4 5 

Alloy 
Elements 

Conc 
(wt. %) 

Mass 
(g) 

Conc 
(wt. %) 

Mass 
(g) 

Conc 
(wt. %) 

Mass 
(g) 

Conc 
(wt. %) 

Mass 
(g) 

Conc 
(wt. %) 

Mass 
(g) 

Tin 98.80 133.38 97.80 132.03 96.80 130.68 95.80 129.33 94.80 127.98 
Copper 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 

IMS 1.00 1.35 2.00 2.70 3.00 4.05 4.00 5.40 5.00 6.75 
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Table 3: Composition Analysis Result of Cast Sn-xFeO-0.2Cu Solder Alloy 
 

Elements Sn Al Si Cu Fe Sb Ti P Pb Ni 
Wt. % 91.78 2.15 1.88 0.16 3.32 0.28 0.13 0.07 0.14 0.09 

 

 
2.3 Microstructural Analysis 
The microstructural integrity of the cast solder alloy was examined using an optical microscope 
(OM). The preparation of samples for the analysis involved mechanical cutting of samples into 
appropriate sizes at ambient temperature and grinding to obtain smooth surfaces. Further 
preparation involved polishing of samples using emery papers of grits 400, 600 and 800 in 
succession until mirror-like surfaces were obtained.  The mirror-like surfaces were then washed 
under a running tap water and dried. This was followed by etching using a solution containing 
nitric acid in 125 ml of distilled water after which the microstructural features were viewed 
under an OM (Magnification: 200x). 
 
2.4 Mechanical Properties Evaluation  
The cast solder alloy bars were thoroughly fettled then standard tensile and hardness 
properties test samples were prepared. The tensile test was carried out according to ASTM E8 
standards using Instron electromechanical testing machine model 3369, USA. Three different 
points on the samples surfaces where subjected to hardness test using the Vickers scale.  
 
3. 0 RESULTS AND DISCUSSION  
 
3.1 Microstructure 
The solder alloy’s microstructural features as shown in Plates 3 (a – e) are generally influenced 
by the varied volume fractions of IMS particle addition, which manifest in terms of colour, grain 
size and their distribution within the matrices. The micrographs display three major phases 
namely; tin matrix, IMS particles dispersed evenly within the matrices and Sn/Cu intermetallic 
appearing as spheroids at the grain boundaries. Grain coarsening is observed in Plate 3e due to 
the relatively higher IMS particles at 5wt. %. Variation in colour of the micrographs can be 
attributed mainly to the overriding influence of ferric oxide which IMS approximates in the alloy 
composition.  All these features acted in concert to affect the alloy’s mechanical properties to 
varying degree. The copper content, though very low, serves the purpose of structure 
modification. This is demonstrated in term of grain size control, which appears to corroborate 
the report from the work of Chen, et al., (2012). 
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                        a                                                    b                                               c 

      
                             d                                                        e                                        
Plate 3: Optical micrographs of tin-copper solder at varied IMS addition (a) 1 wt. %, (b) 2 wt. %, (c) 3 wt. %, (d) 4 
wt. % and (e) 5 wt. %  (Magnification: 200x). 

 

3.2 Mechanical Properties 

The results of both hardness and tensile properties are shown in Table 4 for the purpose of 
panoramic comparison. 

 

Table 4: Results of hardness and tensile properties tests  

 
IMS 

addition 
(wt. %) 

 
Hardness 

 
(Hv) 

Tensile Properties 
Ultimate tensile 

strength 
 (MPa) 

Yield 
strength 

(MPa) 

Elastic modulus 
 

(GPa) 
1 11.3 409.4 270.2 44.7 
2 16.6 456.3 311.5 42.3 
3 18.1 517.6 342.7 39.8 
4 20.5 524.5 365.1 37.2 
5 21.7 533.1 377.3 35.4 

 
3.2.1 Hardness 
The hardness of the cast solders were observed to increase as IMS addition increases while the 
highest hardness of 21.7 Hv is demonstrated at 5 wt. % IMS addition (Figure 1). The IMS 
particles appear to be coherent with the tin matrix and being a harder phase it effectively 
enhance inter facial cohesion, which resulted in the observed increase in hardness. This 
behaviour was found to subsist as the volume fraction of IMS particles increase within the 
matrix. It is observed from Figure 1 that hardness values range from 11.3 – 21.7 Hv. This level of 

MATRIX 

Sn/C
 

 

IMS Particle 

MATRIX 
IMS Particle 
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hardness appears to be sufficient to prevent any form of damage to soldered joints after 
solidification. Moreover, the hardness value range obtained in this study compared well with 
the report of Yee and Haseeb (2016) for solders meant for car radiator and similar automotive 
components. 

 
           Figure 1: Effect of IMS particles addition on hardness of Sn/Cu solder 
 
 
3.2.2 Ultimate tensile strength 
As shown in Figure 2, the solder alloys were found to exhibit steady increase in ultimate tensile 
strength (UTS) as the volume fraction of IMS addition increases. The UTS values range from 
409.4MPa and peaked at 533.1MPa corresponding to the minimum (1 wt. %) and maximum (5 
wt. %) IMS additions respectively. This behaviour can be ascribed to the resistance to 
dislocation motion provided by IMS particles within the matrices. Thus, the more of IMS 
particle in the matrix, the higher the resistance to dislocation motion on application of force, 
hence the steady rise in the UTS. This level of UTS demonstrated by the solder alloy compares 
well with similar work by Thomas et al., (2002). 
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            Figure 2: Effect of IMS particles addition on UTS of Sn/Cu solder 
 
3.2.3 Yield strength 
Figure 3 shows the ductility of the solder alloys, which is observed to be significantly influenced 
by IMS addition. It was found that the ductility of the solder alloys increased in tandem with 
increase in IMS addition. It had been established that enhancement of ductility often stems 
from the introduction of an interstitial element (Carol, et al., 2007), which is the purpose IMS 
particles serve in this study. Enhancement in yield strength may also be due to increase in grain 
boundaries, as the copper in the alloy composition modifies the structure giving rise to fine 
grain size. These two factors namely; interstitial element and fine grains, impede dislocation 
motion within alloy system, which appear to be the case in this study. Thus, the solder alloy 
samples exhibited minimum yield strength of 270.3 MPa corresponding to 1 wt. % IMS addition 
and demonstrated the peak value of 377.2 MPa at 5 wt. %.  
  

 
                 Figure 3: Sn/Cu solders ductility variation with IMS addition 
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3.2.4 Elastic modulus 
The elastic modulus is the measure of stiffness behaviour of a material required to prevent 
permanent warpage in service. In this study, the solder alloys exhibited sustained marginal 
increase in elastic modulus as IMS addition increases. This can be explained by the fact that 
elastic modulus is an intrinsic property which is not dependent on processing parameters but 
seldom influenced by composition change and size of test sample. The marginal variations 
noticeable in Figure 4 might have arisen from different degree of coherency of constituent 
phases in the solder alloy due to IMS addition which affect resistance to inter-atomic bond 
stretching.  
 

 
          Figure 4: Sn/Cu solders elastic modulus variation with IMS addition 
 
According to Bhagava and Sharma (2011), extensive alloying is often required to produced 
appreciable improvement in elastic modulus hence, the relatively compact range of 35.4-
44.7GPa resulting in a marginal variation of 2.3GPa obtained in this study. This notwithstanding, 
the range of elastic modulus values obtained in the current study agrees well with the values 
reported (Lau and Pao, 1997, Hiroyuki et al., 2005) in literature which is 39-53 GPa. 

4.0 CONCLUSIONS  
The fabrication and evaluation of the mechanical properties of Sn/Cu lead-free solder with 
varied iron millscale (IMS) addition have been carried out. Results and their analyses gave rise 
to the following deductions: 

(a) Addition of varied 106 µm IMS particles act in concert with the copper content modified 
the solders’ microstructures, induced fine grains that are dispersed homogeneously 
within the tin matrix. These impacted significantly the solders’ mechanical properties.  

(b) The best mechanical properties were obtained at 5 wt. % IMS addition namely; 
hardness, 21.7 Hv, UTS, 533.1 MPa, yield strength, 377.7 MPa and elastic modulus, 44.7 
GPa. 
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(c) Given this level of performances, it is concluded that the solder fabricated can be 
categorized as a heavy-duty solder suitable for soldering electric motors and car 
radiators.  
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