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1. Introduction  

New solders are usually Sn-based and the main benchmark for the selection of lead–free solder is 

that the alloy should be eutectic alloy close. The Sn–Ag–Cu (SAC) is the strongest opponent of 

Pb-free soldering because it is near to eutectic. NEMI (National Electronics Manufacturing 

Initiative), Japan Electronics and Information Technology Industries Association (JEITA) 

suggested an Ag rich composition Sn–3.9Ag–0.6Cu(SAC396), Sn–3.0Ag–0.5Cu(SAC305), and 

Sn–3.5Ag–0.7Cu(SAC357), and The European Consortium – BRITE-EURAM recommended 

95.5wt%Sn–3.8wt%Ag–0.7wt%Cu; Sn–3.8Ag–0.7Cu(SAC387), etc. [1-2].  

The present dissertation is concentrated on the preparation and characterization of 96.5Sn–3Ag–

0.5Cu(SAC305) composite solders containing reinforcement (SiC and SiC–Ni) and the 

investigation of the microstructural and mechanical properties of composite solder and its joints 

under the conditions of isothermal aging. The formation of IMCs in lead-free solders with weight 

variation during the reflow process due to lack of proven data. This research is examined the 

distribution of the reinforcement in the solder matrix, optimal reflow settings for lead–free solder, 

and the factor that influences the process are investigated. 

 

2. Literature review  

2.1 Composite solder material 

There are many different lead-free alloys available nowadays. A solder alloy that is being proposed 

for the replacement of the traditional Sn–Pb eutectic composition should have its melting point as 

close as possible to the tin-lead eutectic temperature. The selections are based on a variety of 

considerations, including toxicity, physical properties (melting temperature, surface tension, 

wettability, thermal and electrical conductivity), mechanical properties, microstructure 

characteristics, electrochemical properties (corrosion, oxidation and dross formation, and 

compatibility with non-clean fluxes), manufacturability, cost, and availability [3-5]. The 

preference is given to the Sn–Ag–Cu (SAC) alloy family, followed by alloys containing, silver, 

copper, bismuth, antimony, indium, zinc, and aluminum.  

various researchers have used the ceramics reinforcements in the lead–free solder matrix and 

prepared the different types of solder composites. Ceramic reinforcements have some favorable 

properties (ex. chemical stability, abrasion and wear resistance, high strength, hardness, high 
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melting point (thus high-temperature capability), low density) which makes a promising candidate 

for the reinforcements. Apart from this, they have poor wetting behavior due to the brittle nature, 

high hardness, resistance to creep, and high strength, conventional machining methods are difficult 

to perform because of cracks, brittle fractures, and edge chipping. 

 

2.2 Type of reinforcements 

Carbon–based materials, Metal oxide, carbide, and nonmetallic elements are non–reactive 

reinforcements because they do not react with the solder matrix during the aging and reflow 

process, and they do not coarsen during their service life. However, such types of reinforcements 

can not be wetted by the molten solder, during the reflow process generally reveals that they are 

expelled from the molten solder [6-7]. 

SiC is used because of its low cost and the wide range of sizes and grades available. The addition 

of SiC increases Young's modulus and tensile strength of the composite materials and it is also 

increased in wear resistance [8]. Aqeeli et al. [8] reported that SiC can help transfer the shear load 

at the matrix/reinforcement interface, strengthen the matrix and at the same time retain some 

ductility. However, while the yield and ultimate strength of the matrix increase with increasing 

concentration of ceramic particles, the ductility of the composites deteriorate significantly at higher 

concentrations. SiC has the self-organized dispersive systems property and it can help to formation 

of the heterogeneous nucleation, thereby distributing stress homogeneously in the solder joints [9]. 

The addition of SiC particles can also improve the sinterability of processed powders. Woo and 

Zhang [10] investigated the SiC-reinforced Al–7Si–0.4Mg composite powders and an increase in 

the sintering rate of the composite powder was reported due to the increased diffusion rate.  

2.3 Mechanical mixing method (Powder metallurgy)  

Powder metallurgy (PM) is the most popular manufacturing process. In general, Metal powders 

are used in the PM process with the specific characteristics of size and shape and then changes it 

into strong, accurate, and high–performance finished products. There are three main steps to this 

approach, mixing, compressing, and sintering. 

PM technique can be used to produce porous metals, oxide dispersion alloys, ceramic–metal 

composites, and cemented carbides. The powder metallurgy technique is popular because all 

processes can be performed in the solid-state and microstructural damage caused by elevated 

temperatures can be avoided. 
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2.4 Materials 

2.4.1 Solder Matrix Material 

Sn–3.0Ag–0.5Cu has superior mechanical properties compared to the other lead-free solders and 

particularly conventional eutectic Sn–Pb, Therefore, commercial lead-free solder alloy, Sn–3.0Ag–

0.5Cu (SAC305) was selected as a matrix material. 

2.4.2 Reinforcement Materials 

In comparison to other ceramic reinforcing particles, SiC is also a typical ceramic material with 

excellent chemical stability, low density (3.21 g/cm³), and high melting temperature (2,730 ºC); it 

also exhibits good mechanical properties. Additionally, it has also high electrical and thermal 

conductivity; so for this reason, SiC a potential reinforcement for composite solders without 

affecting significantly their performance. SiC is supported to form self-organized dispersive 

systems that can help to formation of the heterogeneous nucleation so that stress can be distributed 

homogeneously in the solder joints. SiC particles were found to provide additional nucleation 

places for the formation of the primary –Sn phase and Ag3Sn IMCS. Table 2.1 shows the 

advantages of SiC ceramic reinforcement. 

Table 2.1 Advantages of the SiC ceramic reinforcement 

Reinforcement Advantages Reference 

SiC  Low cost and a wide range of sizes and grades available. 

 It increases Young's modulus, tensile, and wear resistance. 

 It can be helped the transfer the shear load at the 

matrix/reinforcement interface,  

 Strengthen the matrix and at the same time retain some ductility. 

 It has a self-organized dispersive systems property. 

 It can help to formation of the heterogeneous nucleation. 

 It can improve the sinterability of processed powders. 

[8]  

 

 

 

 

[9]  

 

2.5 Main problems in the composite solders studied  

2.5.1 Distribution of reinforcements in a solder matrix  

Generally, the reinforcements are found at the grain boundaries of solder alloys and enhance the 

mechanical properties of the solder and joint. However, the addition of excessive reinforcement is 

probably to accumulate and agglomerated in the solder matrices, which can reduce the mechanical 
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strength of composite solders. Therefore, the reinforcement must be homogeneously distributed in 

the matrix during the mixing process.  

However, it is practically difficult to make a composite solder with homogeneously distributed 

reinforcements. The mixtures (solder powder and reinforcement particles) are milled for a long 

period and agglomeration is formed in the composite solder matrices. Various researchers have 

been successfully fabricated a composite solder with a uniform distribution of reinforcement 

particles [12-13]. 

2.5.2 Poor wettability 

Wettability tends to spread the liquid on a solid substrate and is generally considered by the contact 

angle. A liquid that spreads on a substrate and does not react by the substrate material is called 

non-reactive wetting, while the wetting process affected by the reaction between the spreading 

liquid and the substrate is called reactive wetting [14]. The reactive wetting process is influenced 

by a few more factors, such as soldering temperature, flux, the addition of impurities, etc. 

However, the correct mechanism which can control the kinetics of wetting is very difficult to 

predict because reactive wetting is influenced by a lot of the factors, such as interfacial reactions, 

chemical reaction, diffusion of components, dissolution of the substrate, etc.  

(a) Surface roughness: The rough surface can create the new surface area for the solidified liquid. 

The new surface area is given by the rough surface and it increases the surface energy. Rough 

surfaces create a metastable state of equilibrium for the joints and it provides multiple contact 

angles [14]. 

(b) Flux: Flux is to overcome the oxidation in the solidification process. The reduction of the 

oxide layer can obtain the real wetting on the solid substrate and it can change the interfacial 

properties of the solder joint. It can also protect from re-oxidation and directly affect the 

surface tension of the solidified solder in the direction of solder spreading [15]. 

(c) Temperature: Oxidation behavior, reaction rate, surface tension, and viscosity are influenced 

by temperature. It is a general phenomenon that the viscosity and surface tension of a liquid 

decrease with increasing temperature. Therefore, wettability in all systems should improve 

with increasing temperature [16].  
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2.6.  Knowledge gap 

Just a few studies investigated the distribution of the reinforcement particles, optimum 

composition, and connection between the reinforcement matrix particles. There is a gap in 

understanding the effect of the connection between the reinforcement and matrix particles. The 

knowledge is also missing in the systematic qualitative examination of average neighboring 

particles distance and morphological mosaic analysis of the ceramic reinforcement in the solder 

matrix. 

In addition to this, IMCs layer growth was confirmed with various reflow, aging time, and 

temperature.  The development of the IMCs layer is due to the higher diffusion of the Cu atoms. 

However, some literature is provided that the growth of the IMCs layers is surpassed with an 

increase in temperature. There is a need to clarify the behavior of the IMCs layer of the Different 

time and temperature under reflow and aging condition. 

  

2.7. Scientific goals 

Based on these, the present dissertation is emphasized on the preparation and characterization of 

Sn–3.0Ag–0.5Cu (SAC305) composite solder with various content (0.5, and 1.5 wt. %) of SiC and 

Ni–coated SiC reinforcements and the examination of physical, microstructural and hardness of a 

lead-free solder Sn–3.0Ag–0.5Cu. After careful literature review and finding of the knowledge 

gap, the following scientific aims have been defined: 

(1) Identify the optimum composition of the reinforcement in the solder matrix. 

(2) Investigate the relative contact perimeter between the reinforcement and lead–free solder 

particles. 

(3) To investigate the average neighboring particle distance and morphological mosaic analysis of 

the ceramic reinforcement in the solder matrix. 

(4) Observe the change in the thickness of the IMCs layer at the Cu–Sn interface and establish the 

relation between the growth thickness, time, and temperature under reflow and aging condition. 

(5) How does the SiC and nickel-coated SiC reinforcements affect the microstructural evolution? 

(6) How does the SiC affect the wettability and how does the nickel coating change this? 

(7) What effect does increasing the amount of SiC have on wettability and hardness as well as on 

microstructure? 

(8) What changes occur in the microstructure as a result of aging in the case of the composites? 
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(9) Does nickel coating matter for aging? 

(10) What kind of processes takes place during reflow and aging? 

(11) How does the thickness of the IMC layer change as a function of time and temperature during 

reflow and aging? 

 

3. Experimental procedures  

The SAC305 powder is blended with SiC and SiC(Ni) powders at various weight fractions.  The 

composite lead–free solders from here on would be marked as SAC–X%SiC(Ni), where x stands 

for 0, 0.5, 1, and 1.5wt% for SiC and SiC(Ni). The SAC305 powder and reinforcements (SiC and 

SiC–Ni) powder particles were pre-weighed and put in a milling jar. They are mixed to achieve 

homogenization in a planetary ball mill for 1 hour. The rotational speed of the milling process was 

200rpm and the ball to powder ratio is 10:1 (BPR). The steel balls used in this process were 3mm 

in diameter. Ethanol was used as milling media (40 ml). This powder is then compacted under a 

pressure of 200MPa in a cylindrical die of 15mm diameter. Oil lubricant was used to make the 

ejection and densification of the post process sample smoother. Following the compaction, the 

substrate was sintered in a furnace for 3 hours at 200°C under Ar inert gas environment.   

To perform the reflow and thermal aging test, a cylindrical sample (3:3 mm in diameter and height) 

containing two different reinforcements with different compositions were soldered on the Cu 

substrate. These two types of composite solders were SAC/SiC and SAC/SiC(Ni). The weight of 

the powder and the compaction pressure was 0.1g and 200MPa. (SAC305)100–x(SiC) solder 

powder was uniaxially compacted in a die (cold pressing at room temperature) to form a cylindrical 

bar of 3 mm in diameter. The base/substrate was a square copper plate (15 × 15mm) was grinded 

from sandpaper to achieve a smooth surface for the measurement of contact angle (θ), spread factor 

(Sf), and spread ratio (Sr) of the solder, 2mm thick copper sheet. Acetone was used to clean and 

polish the copper plate. A small amount (0.02g) of activated rosin (RA) flux was used on the 

surface of the sample and in between the solder sample and the Cu substrate.  

The solder sample was put on the center of the copper substrate and then the reflow process was 

conducted. Then, the samples were put in the furnace for melting. it is proven that 1%SiC 

composition is optimal as compared to other weight percentages (0, 0.5, 1, and 1.5).  

SAC305/1%SiC is melted at various reflow temperature (240°C, 260°C, 280°C, and 300°C)  at 

different time (30, 60, 90, & 120min.). When performing the thermal aging test, the thermal aging 
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temperature was set to 140℃, 150℃, 160℃, and 170℃, while the thermal aging times were 0, 

25, 50, 75, and 100h.  

 

4. Results and discussion  

1.1. Porosity analysis 

In addition, the pores that are initially trapped between the particles are reduced during sintering. 

The porosity reduction during sintering where the pores between the grain boundaries are reduced, 

resulting in a denser sintered material. These initial large pores become spherical and smaller after 

sintering. Hence, after a series of careful trial and error run of experiments, the reinforcement 

composition was limited to 1wt% of both SiC or SiC(Ni) particles.  

 

 

Figure4.1. Porosity analysis of the SAC305 solder composite with the addition of SiC and SiC(Ni) 

 

In the present work, Figure 4.1 which has 1.5wt%SiC(Ni) reinforcement in SAC305 solder 

showed the highest ratio of porosity. All other samples show pores and agglomerates of SiC(Ni) 

particles in between the SAC305 matrix. There is no complete bond between these agglomerates 

and matrix particles. The percentage of pores in composite increase with an increase in the amount 

of reinforcements and monolithic lead-free solder is showing the least amount of agglomerates and 

porosity and 1.5wt.% reinforced SAC305 solder composite showing the highest amount of 

agglomerates and porosity.  
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1.2. Compressive strength of the PM solder composite 

The compressive strength of SiC and Ni–coated SiC reinforced lead-free solder composite are 

shown in Figure 4.2 The increase in reinforcement content increased the strength of the solder 

composite under compression. The maximum value for SiC and Ni–coated SiC addition was 

obtained at 1.0wt.% but beyond this, the compressive strength decreased again. The average 

compressive strength for monolithic SAC305 solder was 34.21MPa while for 1wt% reinforced 

composite the compressive strength was 42.75MPa for SiC and 45.29MPa for Ni–coated SiC.  

 

Figure 4.2.  Compressive strength of the SAC305 lead–free solder composite with the addition of SiC and SiC(Ni) 

 

Strength is increased due to the addition of ceramic particles because ceramic particles have a 

higher hardness. In general, the strength of metal matrix composites increases due to the decrease 

in elongation [13]. However, the strength is still higher than the monolithic sample. For a 1% added 

reinforcement sample, the strength decreased compared to 1.5% by weight because of the 

presumed increased porosity. 

1.3. Relative contact perimeter (RCP) of reinforcement and matrix  

Contact perimeter is defined as a contact surface between metallic solder and ceramic 

reinforcement particles. In Figure 4.3(a), the black line indicated the non-contact perimeter, and 

the rest of the portion is the contact perimeter. Following these analyses carried out for all the 

samples, the relative contact perimeter follows from following Eq. (4.1). 

 

𝑅𝐶𝑃 =  
𝑃𝑐

𝑃𝑐+ 𝑃𝑛𝑐
 ∙ 100                                                𝐸𝑞. (4.1)                                                              
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Where, RCP is relative contact perimeter, Pc (µm), and Pnc (µm) are contact and non-contact 

perimeter respectively. Figure 4.3 (b–c) shows the SEM micrograph of lead–free solder composite 

with contact and non-contact interfaces between the matrix and reinforcement.  

 

 

Figure 4.1. (a) Schematic diagram of contact and non–contact perimeter analysis (b) SEM image of SAC305/SiC 

composite solder (c) SEM micrograph of SAC305 solder composite with contact and non–contact interface 

 

During this study, Ni surface coating was applied on SiC to overcome the weak bonding between 

lead-free solder and SiC particles. Silicon carbide consists of two types of atoms, the first is silicon 

atoms and the second is tetrahedral carbon atoms which have strong bonds in the crystal structure. 

Silicon carbide is a ceramic material with a covalent bond and has stable chemical properties. Ni 

is a metallic bonded material and it has good wetting characteristics with Sn-based solder because 

SAC solder has also metallic bonding. In these solder composites, SiC(Ni) is reacted with the 

SAC305 solder and forms a strong metallic–metallic bond at the interface between reinforcement 

and solder matrix [17]. 

The result of Figure 4.4 shows that the SiC content decreases the contact between the particles 

and Ni appears at the appropriate position. It is presumed that the Ni particles promotes the RCP 

of SiC in the solder matrix and avoids direct contact between two or more SiC particles due to 

metallic bonding. Therefore, micropore formation and agglomeration are significantly reduced. 

The highest RCP was measured in SiC(Ni) reinforced samples (1.5wt%), while the lowest is in the 

case of 0.5wt% SiC reinforcement. It is also observed that with the addition of Ni–coated silicon 

carbide, the relative contact perimeter of composite solders increased drastically.  
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Figure 4.2. Relative contact perimeter of SAC305 lead–free solder composite with the addition of SiC and SiC(Ni) 

 

1.4. Average neighboring particles distance  

The average neighbor’s particle distance, dmn, is defined as the distance between the centers of 

gravity between neighboring particles in a matrix. Figure 4.5 (a) depicts the variation in average 

neighbor particle distance, dmn between the reinforcement and matrix particles for various weight 

fractions. For instance, if the neighbor's particle distance technique is applied to a composite 

system in which the particles are bunched together in gatherings of at least two, the subsequent 

closest neighbor’s distance tends to the particle diameter, erroneously indicating best clustering, if 

the second, third, fourth, and so on neighbor’s distances are considered [18]. 

 

Figure4.3. (a) Average neighbor’s particle distance of SAC305 solder composites with the addition of SiC and SiC(Ni) 

(b) Skewness of SAC305 solder composites 

 

Skewness diagram reveals that the overall shape of the Nq distribution varies significantly with the 

degree of clustering.  An increase in the amount of reinforcement particle clusters has skewed the 

Nq distribution further. Skewness (β) indicates the degree of asymmetry in the statistical 

distribution, which is represented by the Eq. (4.2) below [18]. 
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𝛽 =
(𝑞)

[(𝑞 − 1)(𝑞 − 2)]⁄ ∑ [
(𝑁𝑞𝑖 − 𝑁𝑞

𝑚𝑒𝑎𝑛)
(𝜎)

⁄ ]

3

                                    𝐸𝑞. (4.2) 

Where, β = Skewness 

q = Total number of quadrats studied,  Nqi = Number of SiC or SiC(Ni) particles in the ith quadrat 

(i = 1,2,..,q),  𝑁𝑞
𝑚𝑒𝑎𝑛 = Mean number of SiC or SiC(Ni) particles per quadrat, and σ = Standard 

deviation of the Nq distribution 

Figure 4.5(b) shows a variation in β with the varying weight fraction of SiC and SiC(Ni). The 

skewness ranges between 1.3 to 0.91 for SAC305/SiC composite and between 1.08 to 0.7 for 

SAC305/SiC(Ni) composite. We see the skewness for SAC305/SiC(Ni) is much broader compared 

to SAC305/SiC composite solder, which is in agreement with the dissemination of reinforcement 

particles in lead–free solder. In both reinforcements, it is small changes in skewness i.e. impact of 

Ni coated SiC is more than SiC. 

1.5. IMCs layer thickness at solder/Cu interface  

In the case of SAC305 composite solder, the IMC containing Ni was formed at the interface. The 

Cu atom was joined with the Ni when the solder was melted after reinforcement of SiC(Ni) and 

the Ni particle absorbed some of the Cu and formed (Ni,Cu)6Sn5 IMC to the interface of the 

substrate. The diffusion driving force of Cu atoms in the (Ni,Cu)6Sn5 phase was higher than in the 

Cu6Sn5 phase, and the diffusion pathway of Cu atoms from the Cu substrate was obstructed by the 

diffusion mechanism [19-20]. Therefore, the number of Cu atoms was reduced and the growth rate 

of (Ni,Cu)6Sn5 decreased. When the number of reinforcement increases in the solder alloy, more 

Ni atoms diffused onto the solder surface of the liquid SAC305 and then reacted with Sn and Cu 

to form the (Ni,Cu)6Sn5 phase, which affected the growth of IMC. The average thickness (xt) was 

calculated by the total area (A) of the individual IMC divided by the total length (L) of the layer, 

as shown in Eq. (4.3):  

𝑥𝑡 =  
𝐴

𝐿
                                                                                              𝐸𝑞. (4.3) 

Where, xt = Average thickness (µm),  A = Total area of the individual IMCs (µm2), and L = Total 

length of the IMCs layer (µm) 
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Figure 4.4. Variation of Cu6Sn5 and (Ni,Cu)6Sn5 layer thickness at SAC305/Cu interface  

 

In the monolithic solder, the almost intermittent IMC morphology became smaller in size after the 

addition of different amounts of SiC and Ni–coated SiC particles. However, the almost intermittent 

IMC structures became thin and continuous after reinforcing particles were added to the SAC305. 

It was noticed that the minimum thickness of the IMC layer was obtained by the addition of 1% 

by weight of SiC and Ni–coated SiC particles.  

The growth of Cu6Sn5 and Cu3Sn layer thickness on the Cu substrate was suppressed by the 

addition of different amounts of reinforcement (SiC and Ni–coated SiC) particles in the solder 

matrix after 100h aging, as shown in Figure 4.6 and Figure 4.7. The thickness of the Cu6Sn5 and 

Cu3Sn IMCs layer was decreased by 43.8% and 39.6% in the SAC/1%SiC; however, (Ni, Cu)6Sn5 

and Cu3Sn IMCs layer was reduced by 50.06% and 56.19% in the SAC/1%SiC(Ni) composite 

solder. The outcome shows that the development of the Cu6Sn5, (Ni,Cu)6Sn5  and Cu3Sn IMC layer 

on the Sn–Cu interface was suppressed by a small addition of SiC and SiC(Ni) particles.  

 

 

Figure 4.5. Variation of Cu3Sn thickness at  SAC305/Cu interface 
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1.6. Contact angle (wettability) of composite solder 

Adhesion develops from physical (e.g., weak van der Waals) bonds, chemical interactions, and 

friction from irregular surface [21]. The contact angle of the solder on the substrate changed as a 

function of the amount of reinforcements. The contact angles were calculated by using the 

following equation Eq. (4.4) [22],  

sin 𝜃 =  
2

(𝑑 ℎ) + (ℎ 𝑑⁄ )⁄
                                             𝐸𝑞. (4.4) 

 

The variation of contact angles of composite solders was shown in Figure 4.8. The largest contact 

angle was observed of monolithic SAC305 solder. Initially, the contact angle is decreased from 

30.87o to 19.80o for 1%SiC and 16.70 for 1%SiC(Ni), however, an increasing trend was seen 

afterward.  

 

Figure 4.6. Contact angle variation of SAC305 solder with the addition of SiC and SiC(Ni) on Cu substrate 

 

1.7. Spread ratio and spread factor 

Spread ratio (Sr) is calculated by measuring the spherical area achieved by the melted solder 

specimen on the substrate. It is done by measuring the diameter (d) and height (h) of the cooled 

solder area on the substrate. Spread ratio is taken as the ratio of total plane area wetted by the 

molten solder on a solid substrate to the plane area of the original solder sample, which is expressed 

by Eq. (4.5) and Eq. (4.6) [22].  

 

𝑆𝑟 =
𝑇𝑜𝑡𝑎𝑙 𝑝𝑙𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 𝑤𝑒𝑡𝑡𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑚𝑜𝑙𝑡𝑒𝑛 𝑠𝑜𝑙𝑑𝑒𝑟 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑜𝑙𝑖𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 

𝑃𝑙𝑎𝑛𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑝ℎ𝑒𝑟𝑖𝑐𝑎𝑙 𝑚𝑒𝑡𝑎𝑙 𝑠𝑎𝑚𝑝𝑙𝑒 
       𝐸𝑞. (4.5) 
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𝑆𝑟 =
4𝑑2/ℎ2

[1 + 3𝑑2/ℎ2)]2/3
                                                    𝐸𝑞. (4.6) 

  

Where, d is the diameter of the solder sample (mm) and h is the height (mm). Spread factor (Sf) is 

calculated as the consequence of spread ratio and is given in Eq. (4.7) and Eq. (4.8): 

 

𝑆𝑓 =
𝐷𝑖𝑎𝑚𝑒𝑡𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑙𝑑𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑑) −  𝐻𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑟𝑒𝑎𝑑𝑒𝑑 𝑚𝑜𝑙𝑡𝑒𝑛 𝑚𝑒𝑡𝑎𝑙 (ℎ)  

𝐷𝑖𝑎𝑚𝑒𝑡𝑟𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑠𝑜𝑙𝑑𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒 (𝑑)
            𝐸𝑞. (4.7) 

 

𝑆𝑓 = 1 −
1

[1 + 3 𝑑2 ℎ2⁄ ]1 3⁄
                                               𝐸𝑞. (4.8) 

 

Figure 4.9(a) and Figure 4.9(b) shows the variation of spread ratio (Sr) and spread factor (Sf) with 

the corresponding amount of reinforcements and it was observed that the spread ratio (Sr) and 

spread factor (Sf) of SAC305 solder increased at 1.0% with an addition of SiC and SiC(Ni). The 

lowest value obtained for the spread ratio and spread factor is 4.46 and 7.08 for monolithic SAC305 

solder, whereas the maximum values were observed to be 6.12 and 7.84 for SAC305/1.0%SiC and 

6.88 and 8.08 for SAC305/1.0%SiC(Ni) respectively. The higher amount of reinforcements 

interrupted the flow of the solder because it is increased the melt viscosity and decrease the 

spreading of the solders on the substrate [23-24]. 

 

  

Figure 4.7. Spread ratio and spread factor  trend of SAC305 solder composites with the addition of SiC and SiC(Ni) 
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1.8. Interfacial reactions between Sn–Ag–Cu solder and Cu substrate 

SAC305/1%SiC composite solder is selected for examination of the thickness of the Cu6Sn5 and 

Cu3Sn at the different aged conditions and different times. Generally, Cu6Sn5 and Cu3Sn layers are 

formed in the Sn–based solder alloys at the Cu–Sn interface, and the thickness of these two layers 

are increased with increasing aging time. The thickness of the IMCs layer developed at the Cu–Sn 

interface was examined quantitatively as a function of aging time. The IMC thickness as a function 

of time can be expressed by the Arrhenius Eq. (4.9):  

 

𝑥𝑡 = 𝑥0 + 𝐷𝑡𝑛                                                           𝐸𝑞. (4.9)    

 

Where, xt = IMC layer thickness at time t (µm), t = aging time (s), x0 = Initial IMC layer thickness 

after aging (μm), D =Diffusion coefficient as a function of temperature (μm2/s), and n = Time 

exponent.  

 

 

Figure 4.8. Average thickness of Cu6Sn5 and Cu3Sn layer of SAC305/1%SiC composite solder  

When plotting the thickness of the intermetallic layer (xt) against the square root of the aging time 

(t1/2) from Eq. (4.10), the slope of the graph is equal to the square root of the diffusion coefficient 

(D1/2). The diffusion coefficient was determined from a linear regression analysis of x vs t1/2, where 

the slope is D1/2. 

 

𝑙𝑛(𝑥𝑡 − 𝑥0) = 𝑙𝑛𝐷 − 𝑛. 𝑙𝑛(𝑡)                                       𝐸𝑞. (4.10)  

 

Where, the exponent n is equal to the slope of the 𝑙𝑛(𝑥𝑡 − 𝑥0) 𝑣𝑠 𝑙𝑛(𝑡) curve. The value of n will 

be 1/2 when the IMC formation is controlled by the volume diffusion mechanism [25]. In this 
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study, the value n under isothermal aging was 0.50. Figure 4.10 and Figure 4.11 show the IMCs 

layer thickness (Cu6Sn5, and Cu3Sn) are developed on the Cu–Sn interface at different time and 

temperatures in reflow and aging process. The thickness of the IMCs layers is increased with an 

increase of reflow time and temperature. 

 

 

Figure 4.9. Average thickness of Cu6Sn5 and Cu3Sn layer of SAC305/1%SiC composite  

 

The diffusion coefficient of the IMC layers are varied with aging temperature and it is increased 

with increasing aging temperature. The diffusion coefficient of Cu3Sn IMC was higher than the 

Cu6Sn5 IMC at aging temperatures of 140 and 170oC, indicating that Cu3Sn IMC increased rapidly 

at high temperatures. Cu3Sn IMC enhanced slowly at low aging temperatures of 140oC.  

In the diffusion between lead-free solder and Cu, the development of the IMCs occurs in two ways. 

First is the interdiffusion and the second is an interfacial reaction. From the Sn–Cu phase diagrams, 

Sn can react with Cu to form the IMCs layer, while there is no interaction between SiC and Cu 

because SiC is non-reactive reinforcement and it is gathered in the solder matrix. Chen et al. [26] 

and Chung et al. [27] reported that Cu is dominant in the Sn-Cu inter-diffusion process and Cu 

diffuses towards the Sn with a higher rate because Cu atoms have a lower atomic radius (0.128 

nm) than Sn atoms (0.141nm). In the diffusion process, Cu gives sufficient Cu atoms for the 

origination of the IMCs.  

 

1.9. Calculation of activation energy 

The diffusion coefficient at different temperatures was often expressed by Arrhenius Eq. (4.11): 

𝐷 = 𝐷0 𝑒(
−𝑄
𝑅𝑇

)                                                                   𝐸𝑞. (4.11) 
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Where, D0 = Temperature-independent diffusion coefficient (m2/s), Q = Activation energy 

(kJ/mol), R = Universal gas constant (8.3145 J/K mol), T = Absolute temperature (K) 

The activation energy of the intermetallic phase can be determined by (Eq. 4.11) and the diffusion 

coefficient can be indicated as Eq. (4.12): 

𝑙𝑛(𝐷) = 𝑙𝑛(𝐷0) −
𝑄

𝑅
(

1

𝑇
)                                                 𝐸𝑞. (4.12) 

 

 

Figure 4.10. Arrhenius plot for the growth of the IMCs layer after the reflow  and aging process 

 

Figure 4.12 shows the Arrhenius plots for the growth of the Cu6Sn5, Cu3Sn, and total thickness 

layers formed at the solder joint after reflow and aging. The activation energies are 54.57, 86.06, 

and 58.8371kJ/mol for reflow and 91.74, 58.59, and 68.62kJ/mol for aging respectively.  

 

5. Claims 

Based on the presented experimental results, the claims below are presented according to the 

sequence of different phenomena. 

Claim (1): In the case of SiC-reinforced solder, composite samples prepared by ball milling and 

subsequently formed by PM method, experimental data are proved that the use of nickel-

coated SiC reinforcement particles promotes homogeneous distribution of reinforcement 

particles, reduces the porosity area, and provides higher strength. 

(1.a) Average neighbour’s particle distance are described the agglomeration and dispersion of 

reinforcement particles in the matrix. The poor dispersion of the particles is due to the 

agglomeration of the particles in the matrix and may lead to the weakening of the mechanical 

properties. Skewness diagram revealed that the Nq (number of the reinforcing particles) 

distribution varies significantly with the reinforcement composition. Average neighbour’s 
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particle distance of both composite solders seen to decrease as the weight fraction of 

reinforcement increased. The experimental results confirmed that Ni-coated SiC has a lower 

skewness value and average neighbour’s particle distance than the SiC i.e the distribution of 

Ni-coated SiC particles are more homogeneous than the SiC particles in the SAC305 solder. 

 

(1.b) Ni–coated SiC reinforced composite solder has a lower porosity than SAC305/SiC 

composites because the reinforcement particles distributed homogeneously. As a result of 

this homogeneous distribution, the Ni–coated SiC was less clustered, thus a reduced amount 

of porosity formed around the clusters. 

 

(1.c) According to the lower porosity content, the changes in the compressive strength of the 

composite solders were observed and the SAC305/SiC(Ni) solder composite has higher 

compressive strength than the SAC305/SiC. 

(1.d) SiC decreases contact angle and increases the spread area because the SiC composites are 

probably decreasing the surface energy of the copper substrate. The application of the Ni 

coating further reinforces this tendency because Ni has a higher adsorption capacity and it is 

reduced the surface energy and growth velocity of the IMC. Added Ni-coated SiC particles 

accumulated at the interface between the molten solder and the flux during soldering; thereby 

lowering the interfacial surface energy. 

 

  Claim (2): Relative contact perimeter (RCP) is defined as a contact surface between metallic 

solder and ceramic reinforcement particles and this is a new parameter - which is not been 

applied in the literature. The increment of RCP in the SAC305 solder composites was 

observed experimentally measuring the change of reinforcement content. Experimental 

results are proven that Ni-coated SiC particles are improved the relative contact perimeter. 

This is an effective value to determine the extent of the contact surface, which determines 

the properties of the composite. The increment of RCP in the SAC305 solder composites 

was observed experimentally measuring the change of reinforcement content.  

(2.a) Experimental results were proven that the RCP was increased in the Ni–coated SiC reinforced 

samples. Silicon carbide is a ceramic material with a covalent bond and has stable chemical 

properties. Ni is a metallic bonded material and it has good wetting characteristics with Sn-
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based solder because SAC305 solder has also metallic bonding. The SiC(Ni) particles are 

easily reacted with the SAC305 solder particles and form a strong metallic–metallic bond at 

the interface. 

 

Claim (3): Thickness of the interfacial IMCs layer between the solder and Cu substrate shows the 

difference after the addition of SiC and Ni–coated SiC reinforcement to SAC305 solder. It 

can be used to simulate how the IMC layer changes during reflow and aging under the 

influence of time and temperature. 

(3.a) The thickness of interfacial IMCs between solder and Cu substrate shows an obvious 

difference after the addition of SiC and Ni-coated SiC in the SAC305 solder. The reduction 

of the IMCs layer on the Sn-Cu interface was observed experimentally during the reflow 

process. These reinforcement particles reduce the surface energy and inhibit the growth of 

IMC layers. 

During the reflowing process, the SiC and Ni-coated SiC particles are distributed in the 

liquid because it does not melt on the Cu surface due to the high melting temperature. The 

SiC and Ni-coated SiC particles can behave as a barrier to the diffusion of Cu atoms from 

the substrate. The results are proven that IMCs layer thickness decreased as the amount of 

SiC and Ni-coated SiC increases in the SAC305 solder. 

 

(3.b) The experimental results are shown that as time (aging and reflow) and temperature increase, 

the thickness of interfacial IMCs (Cu6Sn5 and Cu3Sn) are both increased. Ceramic particles 

enhanced the activation energy which reduced the reaction rate as it is well known that lower 

activation energy indicates a faster reaction rate. Although this phenomenon is also observed 

in composite solders, the growth rate of interfacial IMCs is inhibited after the addition of 

SiC and Ni-coated SiC reinforcement. The activation energy of Cu6Sn5 was observed to be 

lower than that of Cu3Sn. The activation energy of the (Cu6Sn5+Cu3Sn) lies in between 

Cu6Sn5  and Cu3Sn phases which appears reasonable. I proved that the IMCs layer thickness 

is dependent on time (reflow and aging) and temperature (reflow and aging). and this method 

relies on the calculation of activation energies by plotting the diffusion coefficient as the 

function of temperature (reflow and aging). 
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