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improved mechanical properties of solder joints. Addition of P had only a minor effect 

on the IMC growth and the solder joint reliability.   
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Abstrakt: Vzhledem k zákazu používání klasických SnPb pájek je v poslední době 

výzkumu bezolovnatých slitin pro pájení věnována velká pozornost. Předkládaná di-

sertační práce se věnuje slitinám založeným na systému Sn-Cu. Konkrétně byl zkou-

mán vliv koncentrace mědi a přidání malého množství niklu a fosforu na morfologii 

intermetalických vrstev a spolehlivost simulovaných pájených spojů. Kinetika růstu a 

mechanické vlastnosti pájených spojů byly studovány v závislosti na době reakce 

s měděným substrátem a teplotě roztavené slitiny při pájení a následném žíhání za zvý-

šených teplot. Detailní analýza vývoje mikrostruktury byla provedena s využitím me-

tody EBSD. Bylo zjištěno, že vyšší koncentrace mědi v pájce snižuje rychlost 

rozpouštění substrátu a že přídavek 0,1 at. % niklu zásadně mění morfologii interme-

talických vrstev. Dále bylo zjištěno, že přídavek malého množství fosforu má jen malý 

vliv na růst intermetalických vrstev a spolehlivost pájených spojů.  
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1 INTRODUCTION TO SOLDERS 

1.1 Basics about (lead-free) soldering 

Solders belong to the most important materials used for joining in electronic as-

sembly. This class of alloys with low melting point must provide both reliable electri-

cal and mechanical connection of joints and ensure cost-effective production. 

Traditionally, near-eutectic SnPb alloys (such as 60Sn40Pb, 63Sn37Pb or alloys mod-

ified with small Ag or Cu addition) have been used worldwide in electronics industry 

[1]. 

However, the replacement of Pb-bearing alloys is inevitable. It is well known, 

that Pb is toxic for humans and environment. About 81% of total Pb production is used 

for accumulators. 5% in the form of oxides is used for paintings, glass, ceramic and 

other chemicals. Another 5% is used for ammunition. Only about 0.5% is used for the 

production of solders in electronic industry. The recycling of Pb from electronic as-

semblies is rather difficult. Pb released from electronic equipment on waste disposal 

sites may contaminate groundwater and harm the environment [2].  

European Union directives on Waste Electrical and Electronic Equipment 

(WEEE) [3] and Restriction of the Use of Certain Hazardous Substances (RoHS) 

[4]stipulate that electronic products sold in EU must be Pb-free from July 1, 2006. 

Manufacturers in the U.S. may receive tax benefits when using lead-free solders. In 

Japan Pb was replaced prior to legislation by producers due to the additional costs 

related to recycling of Pb containing products. Several candidate solder systems have 

been developed as replacements for SnPb alloys. However, continuous research is nec-

essary to ensure desired properties.  

1.1.1 Definition of soldering 

Soldering is the most important method for joining devices in electronics. During 

this process two solid metal parts – substrate – are joined using the third filler material 

in a liquid state – solder, an alloy with low melting point. Melted solder flows in the 

gap between parts being joined, wets their surfaces, reacts with them and after solidi-

fication joins them. A bond is created at the interface between the substrate and the 
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solder after soldering process. Soldering differs from welding as it does not involve 

melting of the workpieces. During brazing, the filler metal has a higher melting tem-

perature than a solder (< 450°C), but the work piece metal does not melt. In order to 

ensure successful solder joint, substrate surfaces must be clean and free of oxide layers. 

So called fluxes are added to provide chemical cleaning and to prevent oxidation of 

substrate and solder surfaces at elevated temperatures during soldering process [2, 5]. 

1.1.2 Basic soldering methods 

Currently, printed circuit boards (PCBs) are soldered in mass-production mostly 

by two processes, namely the wave soldering or reflow soldering. However, hand sol-

dering of production electronics continues to be a standard practice.  

Wave soldering is used for through-hole PCB assemblies. Parts are temporarily 

kept in place with small dabs of adhesive and then the assembly is passed through a 

wave of molten solder pumped by a nozzle from a bath filled with a liquid solder. The 

whole PCB is not submerged in solder, but rather it is touched by this wave resulting 

in the solder to stay on pins and pads, but not on the PCB itself [6]. 

Reflow soldering is the most common method of attaching surface-mount com-

ponents to PCB. In this case the solder paste (a sticky mixture of pre-alloyed solder 

powder and flux) is used to stick the components to their attachment pads. The whole 

assembly is then heated by an infrared lamp, hot air or, more commonly, by passing it 

through a carefully controlled furnace, which melts the solder, connecting the joint 

permanently. The goal of the reflow process is to melt the solder and heat the adjoining 

surfaces, without overheating and damaging the electrical components. With continu-

ing miniaturization, more precise methods which could provide more interconnections 

in a given area must be used. A ball grid array (BGA) is a type of surface-mount pack-

aging used for microprocessors. In order to increase the density of electrical contacts 

the whole bottom surface of the device may be used instead of the perimeter only. 

Single small balls of solder are placed on contacts on the bottom of the device, placed 

on PCB and the whole assembly is reflowed.  The most recent technology based on 

BGA is called Flip-Chip (Fig. 1.1.1). It uses arrays of thousands of tiny solder balls 

having the diameter of only several tens of micrometers [6-8]. 
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Fig. 1.1.1 Flip Chip solder balls [8] 

 

1.1.3 Mechanism of solder joint formation 

During soldering, complex physical-chemical reactions occur at the interface be-

tween the liquid and the solid phase. The formation of reliable joint depends on good 

wetting between the filling material and joining components. Solder spreads over the 

surface of the base metal, dissolves the surface layer and a layer of intermetallic com-

pounds (IMC) is formed. The composition of IMC corresponds to (nonequilibrium) 

phase diagram of the system of the solder and the substrate. The formation of these 

interfacial intermetallics is desirable to attain a good bonding between the substrate 

and the solder. On the other hand, excessive thickness of this layer may deteriorate 

mechanical and electrical properties of the joint due to increased electrical resistance 

and brittleness of the intermetallics. Thermo-mechanical fatigue may cause additional 

growth of the IMC layer, induce internal stress and contribute to degradation of the 

joint. Therefore, it is of extreme importance to control the growth of the IMC layer [6, 

9].  

1.1.4 Fluxes 

Fluxes are added during soldering to facilitate the soldering process. In order to 

create a good solder joint it is necessary to clean the bonding surfaces properly. The 
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primary function of the flux is to chemically clean the surfaces, to remove impurities 

and oxide and sulfide layers. At elevated temperatures, in preheating phase of solder-

ing profile, the flux is active enough to remove these layers. Moreover, it covers bond-

ing surfaces and molten solder and prevents the oxidation during soldering. Fluxes 

also act as wetting agents in the soldering process, they reduce the surface tension of 

the molten solder and cause the solder to flow and to wet the workpieces more easily. 

Moreover, fluxes promote heat transfer throughout the joint area [1, 6]. 

1.2  Soldering alloys 

1.2.1  SnPb alloys 

 SnPb alloys were used for their unbeatable combination of physical, chemical, 

manufacturing and economical properties. Near eutectic alloys 60Sn-40Pb or 63Sn-

37Pb w the most widely used alloys for joining components to PCBs. The melting 

point of these alloys is 183°C (see the phase diagram Fig. 1.2.1), which is lower than 

 

Fig. 1.2.1 Sn-Pb phase diagram [10] 
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that of usual Pb-free solders. Sometimes, small amount of third metal is added to im-

prove the properties of the solder. For example, Cu additions were used to reduce dis-

solution of Cu from substrate and contacts of components. About 2% addition of Ag 

was used to improve wetting properties and to reduce oxidation of molten solder. Small 

addition of Sb could improve mechanical properties and suppress allotropic phase 

transformation of white tin (β-Sn) to brittle, nonmetallic grey tin (α-Sn) called Sn pest 

which occurs below 13 °C and can cause failure of soldered joint [6]. 

1.2.2 Pb-free solders 

As discussed above, SnPb alloys with near eutectic composition were the most 

commonly used soldering materials in the electronic industry. Pb-free alloys for sol-

dering, which should replace Sn-Pb based solders, have to meet several requirements 

such as [1]: 

 Nontoxicity to the environment. 

 Availability for an affordable price. 

 Low region of plastic phase. 

 Good wetting and spreading properties and other properties important for sol-

dering. 

 Acceptable (not too high) processing temperature. 

 Ability to create reliable joints with acceptable fatigue endurance. 

An extensive research has been undertaken worldwide to find suitable replace-

ment for Sn-Pb solders. Lot of promising alloys have been found providing different 

advantages and drawbacks. The majority of prospective systems are based on binary 

eutectic low melting alloys with small addition of third or even fourth element. Eutec-

tic alloys have the lowest possible melting point in a given system and do not form the 

plastic phase. The eutectic points of the binary Pb-free systems are compared in Table 

1.1. Note, that there is a large temperature gap between Sn-Zn (198.5 °C) and Sn-Bi 

(139 °C), in which no known Pb-free solder system exists. 

SnZn may be a cheap and available candidate for replacing Pb-containing sol-

ders. However, Zn is highly reactive and forms stable oxides, which are difficult to 

remove. This results in excessive dross formation during soldering and in poor wetting 
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Table 1.1 Binary Sn eutectic alloys 

System Eutectic temp. (°C) Eutectic composition (wt %) 

Sn-Cu 227 0.7 

Sn-Ag 221 3.5 

Sn-Au 217 10 

Sn-Zn 198.5 9 

Sn-Pb 183 38.1 

Sn-Bi 139 57 

Sn-In 120 51 

   

 

properties. Protective atmosphere is therefore required. Poor corrosion resistance of 

solder joints is another problem. On the other hand, SnZn system has the closest melt-

ing point to that of SnPb [1, 11, 12]. 

SnBi and InSn have very low melting point and rather poor mechanical proper-

ties. Addition of both Bi and In increases the costs significantly. Hence, these alloys 

are not primary candidates to replace SnPb, but they may be (efficiently) employed in 

specialized applications, e.g. InSn solder is able to wet ceramics [13-16]. 

Eutectic alloys of Sn and noble metals are considered to be the best candidates 

to replace SnPb alloys. They have higher melting point and much higher concentration 

of Sn compared to that of eutectic SnPb. The corresponding processing temperature is 

usually about 30 °C above the melting point. This may increase the solubility and the 

dissolution rate of Cu and Ni substrate in the molten solder and also increase the ki-

netics of IMCs formation.  Considering the higher melting point of Sn alloys with 

noble metals, the processing window is narrow since the maximum allowed tempera-

ture for most electronic components and PCB substrates is about 250 °C.  Therefore, 

the temperature profile during soldering process must be controlled very carefully. 

SnAu solders are designed for highly specialized applications due to the cost of 

Au. The formation of large amount of Au4Sn when Au content exceeds 5% may result 

in brittle “cold” joint [6, 17, 18]. 

SnAg based alloys are the most promising solders. They have very good me-
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chanical properties, even better than SnPb solders. Silver content minimizes the solu-

bility of common silver coatings of electrical components. Unfortunately, Sn-Ag al-

loys have poor wetting properties. In areas of higher stress coarse plates of Ag3Sn 

intermetallic are formed. These plates cause crack initiation and propagation, which 

results in failure of the joint [6, 19-22]. 

SnCu is a cheap alternative designed for wave or hand soldering due to its high 

melting point. Sn-Cu based alloys have poor mechanical properties. Due to high Sn 

content the phenomenon of Sn pest is an issue. Cu content reduces the dissolution of 

Cu substrates [1, 6, 23-27]. 

Ternary and higher order solder alloys are usually based on binary eutectic sys-

tems. Additional elements are alloyed to reduce the melting point, to improve the sub-

strate wettability, and to improve the reliability of solder joints and other properties.  

 Sb is added to improve mechanical properties without affecting wettability. It 

prevents tin pest in high Sn content alloys [28, 29].  

 Bi lowers the melting point and improves wettability. However, in combination 

with Pb, even in trace amounts, it forms Sn16Pb32Bi52 phase along grain bound-

aries. This intermetallic phase has a low melting point of 96°C, which may cause 

failure of the joint at relatively low temperatures [6, 30, 31].  

 Cu lowers the melting point, improves thermal fatigue resistance and improves 

wetting properties. It slows down the dissolution rate of Cu substrate from PCB 

[1, 20]. 

 Ni or Co improve soldering behavior, fluidity and surface finish of the joints [32-

34]. 

 P was used with Sn-Pb solders as an antioxidation agent that remove dross dur-

ing wave soldering. It also helps to reduce solder pot erosion [35-37] 

1.3 The formation and growth of intermetallic phases 

In this section, the processes occurring during solder joint formation will be dis-

cussed in more detail. The formation of solder joint involves several complex metal-

lurgical processes including transfer of heat, mass and momentum across interfaces. 
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Moreover, metallurgical reactions usually take place at the interface between the sol-

der and the substrate. During these processes, additional phases are often formed. Im-

mediately after the oxide layer is removed by the flux, wetting of substrate by liquid 

solder is possible. Two free surfaces of substrate and solder are replaced by a single 

interface of a lower energy. Liquid solder dissolves the surface layer of the substrate. 

The dissolution rate is very high at the beginning, especially when the used solder does 

not contain additions of the substrate metal. Due to substrate dissolution, highly satu-

rated solution of substrate atoms in solder arise locally. A layer of oversaturated solu-

tion is formed quickly along the whole interface. Upon reaching the (metastable) 

solubility limit, intermetallic compounds start to precipitate. During the formation of 

IMC dissolved substrate atoms are rejected from the melt and further dissolution of 

substrate is activated [38, 39]. 

1.3.1 Reaction of Cu with Sn 

Since electrical contact pads are mostly made of Cu, the reaction between Cu 

and Sn is the most important for soldering. Peritectic reactions on Cu rich side of phase 

diagram and numerous intermetallic phases that could form in this system are the key 

characteristics for the phase diagram of Sn-Cu system (Fig. 1.3.1). Two intermetallic 

phases – Cu3Sn (ε phase) and Cu6Sn5 can form in the temperature region where phase 

transformations take place during soldering process and subsequent ageing.  

Cu6Sn5 phase exists in two structure forms. At higher temperature, η-Cu6Sn5 

phase is stable. It has a hexagonal closed packed (HCP) lattice of type (P63/mmc) with 

a = 4.190 Å and c = 5.086 Å. An η-η' allotropic phase transformation occurs when the 

temperature decreases bellow 186 °C. η'-Cu6Sn5 phase with monoclinic structure 

(C2/c) is formed below the transition temperature [40, 41]. Almost immediately upon 

the contact of liquid Sn with solid Cu, the η-Cu6Sn5 starts to form by heterogeneous 

nucleation [42]. Solidification after soldering takes place very quickly and there is not 

enough time for η-η' phase transformation to occur and η-Cu6Sn5 remains in a meta-

stable state at room temperature. η-η' transformation occurs sporadically at room tem-

perature, but the rate of this transition increases with the increasing temperature during 

ageing of solder joint [43]. This transformation may create internal stresses and sub-

sequently cause crack initiation and propagation. During long-term contact of the sub-

strate with the melt or at higher soldering temperatures, Cu3Sn with higher Cu content  
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Fig. 1.3.1 Phase diagram of Sn-Cu system [10] 

 

may form at the interface between the substrate and Cu6Sn5 layer. This phase has an 

orthorhombic structure. Since it is formed by diffusion in solid state, its growth rate is 

relatively low.  

The final thickness and the morphology of IMC layer is primarily influenced by 

dissolution rate of Cu substrate, by diffusion rate of Cu in the melt and by the rate of 

chemical reaction during its formation. Cu6Sn5 layer has a typical scallop-type mor-

phology as it is shown schematically in Fig. 1.3.2. 

 

 

Fig. 1.3.2 Scallop-type morphology of IMC on Sn/Cu interface 
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1.3.2 Influence of Ni and other elements on reaction of Sn with Cu 

Addition of other elements to solder alloy may influence the reaction between 

the solder and the substrate in different ways, namely: 

 Increase or decrease the rate of the reaction and the growth of IMC. 

 Change physical properties of the IMC. 

 Cause the formation of additional layers or suppress the formation of layer of  

IMC which would be otherwise formed. 

Recent investigations show that addition of any element could suppress further growth 

of η phase during ageing at elevated temperatures [41]. Addition of Ni slightly de-

creases the growth rate of η and suppresses ε phase formation completely. Ni is often 

plated on Cu substrate. Thin film of Ni helps to reduce dissolution rate of Cu pads. 

The same effect can be expected when Ni is added into the solder. Ni influences the 

morphology of IMC layers. Usual scallop-type morphology changes to a more flat one 

comprising two phases, i.e. the IMC and Sn. The isothermal section of ternary phase 

diagram (Fig. 1.3.3 a) indicates that binary phases in system Sn-Cu-Ni are soluble in 

the wide range parallel to the Cu-Ni side [44]. IMCs of the composition of either 

(CuxNi1-x)6Sn5 or (CuxNi1-x)3Sn are formed on the interface between the Cu substrate 

and the solder upon the addition of Ni addition. 

 

 

Fig. 1.3.3 Isothermal section at 240 °C of phase diagram (a) and projection of 

liquidus surface (b) of ternary system Sn-Cu-Ni [44] 
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1.4 Physical properties of solder joints 

1.4.1 Mechanical and electrical properties 

Mechanical strength and electrical conductivity are the most important proper-

ties of the solder joint. 

Mechanical strength of the solder joint depends on properties of the substrate, 

the type of the solder, the construction of the joint and on the technological process of 

soldering [45-47]. For example, dimensions of gap between joining components influ-

ence significantly the strength of the joint. In general, the smaller the gap is, the 

stronger is the joint. For a given joint geometry, mechanical properties of solder joints 

may be estimated only roughly from mechanical properties of the solder alloy since 

the layer of the IMC and IMC/substrate and IMC/solder interfaces are decisive for the 

joint strength. The character and the properties of the IMC layer on the interface be-

tween the solder and the substrate are influenced by parameters of the soldering pro-

cess. The thickness of the IMC usually increases with increasing the time and the 

temperature of soldering and may further grow during ageing of the joint. IMCs are 

usually much harder and more brittle than other parts of the joint. Therefore, it is es-

sential to form an IMC layer thick enough to provide good bonding connection, but 

not too thick to cause undesirable enhanced brittleness [48].  

  Electrical resistivity (or conductivity) are other important properties of a solder 

joint in electronics. Electrical conductivity of solders used in electronic industry is by 

one or two orders lower than the conductivity of Cu. The conductivity of IMC is even 

lower. The surface of the joint must therefore be bigger than the cross-section of wir-

ings [6].   

1.4.2 Reliability of solder joints 

The expected life-time of most electronic devices is several years. Solder joints 

must provide reliable mechanical and electrical connection during the whole period of 

operation. We will now describe several factors that may degrade the properties of 

solder joints and cause their failure [2]. 
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Mechanical stresses might be divided into external (vibrations, pressure…) and 

internal (different dilatation of each part during thermal cycling). Varying mechanical 

stress reduces the fatigue life of joints, the formation of cracks and their propagation.  

Thermal stress is caused by heat transfer from surrounding areas (e.g. in heating 

devices) or by Joule heat. At elevated temperatures, the rate of growth of IMC layer 

may increase significantly. Excessive thickness of IMC deteriorates both mechanical 

and electrical properties. 
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2 AIMS OF THE THESIS 

A lot of problems related to solderability and long term reliability of solder joints 

have to be solved as a consequence of introducing lead-free solders to industrial pro-

duction. In the present thesis, we will focus only on several of these issues. Sn-Cu 

based alloys are promising and economic candidates for replacing the standard SnPb 

alloy, and their properties can be further improved. Minor additions of other elements 

are used in order to improve soldering properties. Ni is used to improve soldering 

properties and optical parameters of finished solder joints. Addition of P is used as an 

antioxidation agent, removing dross during soldering. However, the effect of these ad-

ditions on the microstructure and the reliability of the solder joints is not clear.  

The principal aims of the thesis can be divided into two main parts, each con-

taining several particular aims. The effect of the chemical composition (Cu concentra-

tion and Ni, P and combined Ni+P addition) will be investigated in the following 

respects: 

 The reaction with molten solder during soldering: 

o The morphology and the growth kinetics of IMC layers.  

o The substrate dissolution rate. 

o The mechanical properties. 

 

 The reliability of solder joints during ageing at elevated temperatures: 

o The morphology and the growth kinetics of IMC layers.  

o The mechanical properties. 

o The electrical properties. 

According to the principal objectives of the thesis the presentation of results and 

their discussion will be divided into two main parts. The first part (Chapter 4) will 

contain the results of simulating of the processes occurring during soldering, i.e. the 

reactions of molten solders with Cu substrate. The second part (Chapter 5) the results 

of the investigation simulating the exposure of solder joints to elevated temperature 

for long term during their application, i.e. the properties of solder joints during ageing 

at elevated temperatures will be presented and discussed. 
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3 EXPERIMENTAL METHODS AND MATERIALS 

3.1 Solders 

3.1.1 Investigated materials 

In this work, Sn-Cu based solders will be investigated. Sn-Cu solders are rela-

tively cheap Pb-free alternatives to well-known and long time used Sn-Pb alloys. Poor 

soldering and mechanical properties of Sn-Cu alloys might be improved by additions 

of other elements. All investigated alloys were supplied by Kovohutě Příbram a. s. in 

several steps during the duration of PhD thesis. Kovohutě Příbram is one of the main 

manufacturers on solder alloys in the Czech Republic. The research presented in this 

work was based on long-term co-operation between the Research Institute of Metals 

in Panenské Břežany and Department of Physics of Materials, Charles University in 

Prague. Unfortunately the supplier was not able to achieve the nominal composition 

of some alloys. Moreover, during repeated supplies for continuing experiments the 

original composition was not maintained in some cases. Therefore the exact composi-

tion of the particular alloy will be stressed in the text to avoid any confusion. Binary 

Sn-Cu based alloys with different Cu concentrations, and minor additions of Ni and P 

separately and in combination (Ni+P) were investigated. As a reference Sn-Pb solder 

was used. Samples of studied alloys were obtained in the as cast state. The nominal 

chemical composition of investigated alloys is listed in weight % in in Table 3.1 and 

in atomic % in Table 3.2. The actual chemical composition of all used alloys was de-

termined using atomic absorption spectroscopy (AAS) and is given Table A.1 

(weight %) and Table A.2 (atomic %) in appendix. 

Pure Cu was used as a substrate for solders. Cu plates of the initial dimensions 

of 8 × 60 mm2 were cold-rolled to final thickness 1.8 mm or 0.5 mm as needed for 

individual experiments. 
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Table 3.1 Nominal composition of studied alloys – weight %. 
 

Solder Abbrev 
Element content wt.% 

Cu Ni Pb P Sn 

SnCu3 SC3 3.0 0 0 0 bal. 

SnCu0.7 SC 0.7 0 0 0 bal. 

SnCu0.7P SCP 0.7 0 0 0.05 bal. 

SnCu0.7Ni SCN 0.7 0.05 0 0 bal. 

SnCu0.7NiP SCNP 0.7 0.05 0 0.05 bal. 

SnPb SnPb 0 0 37.00 0 63 

       

 

Table 3.2 Nominal composition of studied alloys – atomic %.  

Solder Abbrev 
Element content at.% 

Cu Ni Pb P Sn 

SnCu3 SC3 5.5 0 0 0 bal. 

SnCu0.7 SC 1.3 0 0 0 bal. 

SnCu0.7P SCP 1.3 0 0 0.2 bal. 

SnCu0.7Ni SCN 1.3 0.1 0 0 bal. 

SnCu0.7NiP SCNP 1.3 0.1 0 0.2 bal. 

SnPb SnPb 0 0 25.2 0 74.8 

       

 

3.1.2 Wave soldering simulation 

Investigation of the morphology and the growth kinetics of IMC layers on the 

interface between Cu substrate and liquid solder was carried out in conditions simu-

lating the wave soldering process. For this experiment, 500 g of each studied alloy 

were melted in a pot having the dimensions of 50 × 50 × 50 mm3 in soldering bath 

Hakko FX-301 equipped with the digital temperature regulator (Fig. 3.1.1).  

Simulation of wave soldering was performed by dipping small Cu plates having 

the dimensions of 3 × 15 × 0.5 mm3 into the melted solder in the soldering bath. Using 

this method we simulated the wave soldering process in which liquid solder with con-

stant composition from the reservoir comes into the contact with soldered parts. This  
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Fig. 3.1.1 Soldering bath Hakko FX-301 

 

technique essentially differs from the so called reflow soldering method, in which only 

small amount of melt is present and quickly saturated by dissolved atoms of substrate.  

Cu plates were first degreased in ethanol, then etched in 40 vol.% of HNO3,  

washed in water and finally in ethanol. Cu plates were dipped in a mildly activated 

amino acids based flux MTV125 and finally in a melted solder. Chemical composition 

of solder bath was controlled by atomic absorption spectroscopy (AAS) and kept con-

stant by adding pure Sn or by refilling the whole solder bath. A set of samples soldered 

at four temperatures of the liquid solder (240, 255, 270 and 285 °C) and times ranging 

from 5 to 6000 s were prepared.  

Samples for the simulation of the aging of the solder joint were prepared from 

Cu pieces with the dimensions 12 × 8 × 2 mm3. A tiny notch of the width of 0.5 mm 

was cut in the middle of each piece using a precision saw. The pieces were first dipped 

into a flux and then into a melted solder. As a result, the solder filled the notch. Sam-

ples were then aged in furnace for 3 up to 30 days at 150 and 170 °C.  

Samples for optical or scanning electron microscopy were mounted in epoxy, 

ground and polished using common metallographic methods. Firstly, they were ground 

on SiC papers up to grit 1200 and then polished utilizing diamond suspensions with 

the smallest grain size of 1 μm. The final polishing step was done using OPS suspen-

sion. 
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Mechanical properties of simulated solder joints were tested using a special 

method developed during this work. The samples used for measurement of the me-

chanical properties were prepared by two methods. For the investigation of the de-

pendence of the tensile strength of solder joints on conditions of soldering two pieces 

of copper plates with dimensions of 25 × 8 × 1.6 mm3 were fixed in special holder in 

which 0.1 mm space between both plates was kept. Samples fixed in the holder were 

then preheated and dipped into the soldering bath. Solder filled up the space between 

to Cu parts and after cooling the simulated solder joint was obtained. In order to obtain 

reliable results minimum 8 specimens were prepared for each condition. 

Special samples were designed for the investigation of the dependence of the 

joint strength on the condition of ageing as schematically shown in Fig. 3.1.2. Cu plates 

with dimensions of 50 × 8 × 2 mm3 were first cut in the middle using a diamond saw 

to make a 6-mm-deep groove of 0.5 mm width (Fig. 3.1.2 (a)). Plates were then painted 

with a soldering mask, which reduced Cu surface exposed directly to the solder. These 

prefabricated parts were then preheated. Flux was applied into the notch and the whole 

sample was dipped into the molten solder to allow the solder to fill completely the 

groove (Fig. 3.1.2 (b)). The samples were then ground to the final thickness of 1.5 mm. 

Part of Cu plate connecting both sides of the simulated solder joint was finally cut off 

and the sample of the cross-section 6 × 1.5 mm2 was obtained, see Fig. 3.1.2 (c). This 

unique sample design, developed during this study, enabled precise, reproducible and 

simple tensile strength measurement of soldered joints. 

 

 

Fig. 3.1.2 Scheme of tensile sample preparation 

 



21 

 

 

 

Fig. 3.1.3 Scheme of sample for electrical resistance measurement 

 

Unique samples for precise electrical resistance measurement were made using 

similar technique as the samples for tensile tests. In order to increase the sensitivity of 

the measurement a series of grooves were first cut into the sample. After soldering the 

connecting parts were cut off and samples with the cross-section of 1.5 × 2 mm2 were 

obtained (see Fig. 3.1.3). Two samples of each condition were prepared for study of 

dependence of soldering time and temperature to check the reproducibility of the meas-

urement. In ageing studies two samples for each alloy and temperature were prepared 

and annealed gradually to obtain the evolution of the electrical resistance during heat-

ing. 4 wires (marked P1, P2, C1, C2,) were spot welded to the specimen to allow 4 point 

resistance measurement, see section 3.2.3. 

3.2 Experimental methods 

3.2.1 Microstructure investigation 

Light microscopy and scanning electron microscopy were used for the micro-

structure investigation of studied materials.  

For simple phase recognition and overall microstructure observation metallo-

graphic light microscope Olympus GX51 was used. The microscope is equipped with 

differential interference contrast (DIC) also known as Nomarski contrast. This method 

is very useful for better visualization or contrast enhancement of subtle relief of pol-

ished samples. The principle of DIC is based on the separation of a polarized light into 
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two orthogonally polarized rays which are spatially displaced and recombined before 

the observation. The spatial displacement of the rays is smaller than the spatial resolu-

tion of the microscope. The interference of the two rays after recombination is sensi-

tive to the difference in their optical path. Small steps or irregularities which arise for 

example on grain boundaries or phase interfaces are therefore visualized in color con-

trast. 

For more detailed microstructure observation, scanning electron microscope 

(SEM) Quanta FEI 200F was used. The SEM is equipped with a field emission gun 

(FEG) electron source providing high quality and high intensity electron beam with 

energy from 500 eV up to 30 keV, allowing accurate and fast microstructure analysis 

with high resolution. The SEM is equipped with several analytical detectors allowing 

detail analysis of microstructure, phases, chemical composition and crystallographic 

parameters and orientations of the sample. As a consequence of high energy electrons 

from primary beam interaction with the sample, several different signals originate and 

can be detected with different analytical detectors. These signals carry different infor-

mation about the microstructure, chemical composition etc. of studied samples. In the 

following text the mostly used electron signals/analytical detectors will be introduced. 

Primary electrons interact with electron shells of atoms in the specimen and are 

inelastically scattered while the affected atom emits an electron from an inner electron 

shell. These electrons are called secondary electrons (SE). Due to their low energy 

(<50 eV) and relatively strong absorption in the crystal lattice, they may leave the 

specimen only from regions several nanometers below the specimen surface. Changes 

in contrast in the image obtained by detecting SE are thus given by topographical relief 

of the sample surface. More electrons are emitted from edges than from flat surfaces 

when primary beam hits the sample perpendicular to the surface. 

Electrons from the primary beam may also be elastically scattered by interactions 

with nuclei of atoms in the specimen. These so called backscattered electrons (BSE) 

are reflected out of the sample volume and detected with minimum energy loss. Heavy 

elements (with high atomic number Z) backscatter electrons more strongly than light 

ones (with low Z). Contrast in a BSE image is given primarily by average Z and is 

used to detect changes in chemical composition (so called composition contrast). Ar-

eas with higher average Z on BSE image appear brighter than areas with lower average 

Z. Spatial resolution of BSE image is worse than of SE as the interaction volume, 
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which the signal comes from, is larger. The interaction volume for BSE depends on 

accelerating voltage and on overall Z. For light materials, lower accelerating voltage 

must be used to obtain more detailed sharp image. 

In samples with homogenous chemical composition, electron channeling con-

trast (ECC) can be observed. The electron channeling effect is caused by different 

packing density of atoms along different crystallographic directions. When primary 

electrons hit the sample surface, where the atomic packing perpendicular to the surface 

is high, BSE electrons are reflected near the surface. These areas therefore appear 

bright. When primary beam hits the sample surface, where low-indexed set of lattice 

planes with larger inter-atomic distance is perpendicular to the surface, primary elec-

trons penetrate deeper into the crystal. They pass between the rows of atoms along 

“channels” before they interact. These areas appear darker. ECC may be used to visu-

alize individual grains, twins, deformed structures (grain distorsions) or under special 

conditions even crystalline defects like dislocations and stacking faults. 

When a secondary electron is emitted from an atom, this atom is left in an excited 

state. Vacancy in an inner electron shell is immediately filled by another electron from 

some outer shell with higher energy. Excess energy at deexcitation is used either for 

Auger electron generation (electron emitted from an outer shell) or for characteristic 

X-ray γ photon generation. Detection of characteristic X-ray radiation enables qualita-

tive chemical composition microanalysis. Two different methods might be used to pro-

cess the signal. More common approach is energy dispersive X-ray spectroscopy (EDS 

or EDX). The energy of incoming photons is measured by the amount of ionization 

produced in the detector material. It allows to process the acquired energy spectrum at 

once and to obtain the results (chemical composition) relatively quickly (in the range 

of several seconds). This enables to measure the whole energy spectrum at once and 

to obtain results quickly. The second method is the so called wavelength dispersive X-

ray spectroscopy (WDS or WDX). A single crystal with known lattice parameters is 

used to diffract characteristic photons to a scintillating detector. Only specific wave-

length is detected at a time. In order to detect the whole part of spectrum necessary for 

the analysis, both the single crystal and the detector must simultaneously rotate with 

particular speeds in the ratio of 1:2. WDS provides better resolution in energy spec-

trum but more time is required to obtain enough data. WDX cannot be therefore used 

for line scans or mapping requiring many individual measurements. 
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Elastically scattered BSE might be also used to determine crystallographic struc-

ture and orientation mapping of the specimen. Electron backscatter diffraction 

(EBSD) patterns are taken using a fluorescent screen and a sensitive CCD camera and 

automatically indexed to determine the orientation of each point. These data are used 

for phase identification and examining several microstructure characteristics such as 

texture, grain sizes and their distribution and misorientation, character of grain bound-

aries, etc. The sample must be extremely well polished and any structure damage on 

the crystal surface must be avoided [49]. 

3.2.2 Mechanical properties investigation 

Changes in mechanical properties of studied materials after phase and structure 

transformations were characterized by microhardness measurement and tensile testing. 

Microhardness measurements quantify the resistance of a material to plastic de-

formation. Indentation hardness correlates with the tensile strength of the material. 

However, the hardness cannot be considered to be a fundamental material property. 

Instead, it represents an arbitrary quantity used to provide a relative value of material 

properties. On the other hand, it is an important simple nondestructive method appli-

cable for small samples. In microhardness testing, a diamond indenter of a specific 

shape is impressed into the surface of the tested material with a defined force. This 

produces an indentation of a specific size. The value of hardness is then calculated as 

a ratio between applied force F and surface area of the indent A. Two most commonly 

used microhardness tests are Vickers and Knoop.  

Vickers indenter is ground to form a square pyramid with the angle of 136° be-

tween two opposite faces. The depth of indentation is about 1/7 of the diagonal length. 

Both diagonals of the indentation are measured and their average size d is used for 

hardness evaluation. Vickers hardness number is evaluated as follows: 

 
𝐻𝑉 =

𝐹

𝐴
=

2𝐹 sin
136°

2
 

𝑑2
≈ 1,854

𝐹

𝑑2
 . 

(3.1) 

Knoop indenter is ground to a pyramid producing a diamond shape indentation 

having ratio between longer and shorter diagonals (𝑑1 and 𝑑2) approximately 7:1, see 

Fig. 3.2.1. The depth of the indentation is about 1/30 of the length of the long diagonal.  
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Fig. 3.2.1 Knoop indeter shape [50] 

 

This indenter design is particularly useful for hardness measurement of brittle 

materials or thin layers. When measuring the Knoop hardness, only long diagonal 

of the indentation l is measured and the following formula used to evaluate the 

Knoop microhardness number (HK): 

 𝐻𝐾 =
𝐹

𝐴
≈

𝐹 

0.07028𝑑1
2 . (3.2) 

Both Vickers and Knoop methods require well-polished surface to achieve ac-

curate results. Leco M-400-A and fully automated Qness Q10A microhardness test-

ers were used for microhardness measurements. 

 

Tensile testing is a fundamental experimental method in which sample of tested 

material is subjected to uniaxial tension until failure. Tensile specimen is typically bar 

shaped with two larger shoulders and gauge section in between with smaller cross-

section where the deformation and failure occur. One end of the sample is fixed in a 

static grip while the other is pulled by a moving crossbar. The applied tensile load and 

the crossbar position are continuously acquired during the tension test.  
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The stress-strain curve, i.e. the dependence of engineering stress σ on engineer-

ing strain ε is evaluated from acquired data using the following formulas: 

 𝜎 =
𝐹

𝑆0
 , (3.3) 

 𝜀 =
∆𝐿

𝐿0
=

𝐿 − 𝐿0

𝐿0
 , (3.4) 

where F denotes the applied load (force), S0 the initial cross-section of sample gauge 

area, ΔL the displacement i.e. the change in gauge length, L0 and L the initial and the 

current gauge length, respectively. From the stress-strain curve, several material prop-

erties can be determined, such as: the Young’s modulus, the yield strength, the ultimate 

tensile strength, the ductility, the elongation to failure and work hardening character-

istics. The stress-strain curve could be typically separated into two parts. The first one 

corresponds to the elastic region characterized by reversible deformation. The stress is 

linearly dependent on strain and the slope is the Young’s modulus. The yield strength 

is defined as a stress at a given strain, usually at a strain of 0.002 (0.2%). As defor-

mation continues, the stress increases due to strain hardening until it reaches a maxi-

mum, called the ultimate tensile strength.  

Dimensions of the tensile testing specimens used in the present study are shown 

in Fig. 3.1.2. Some specimens were annealed at 120 °C for 3 and 9 days, and at 150 

°C for 3 days. All tensile tests were performed in an Instron 5882 universal testing 

machine with the displacement control at a constant crosshead speed of 0.01 mm/min 

giving an initial (nominal) strain rate of 0.3x10-4 s-1. All specimens prepared under 

different conditions were tested at room temperature. 

3.2.3 Investigation of phase transformations and structure changes 

Phase transformations and structure changes in investigated alloys were exam-

ined by differential scaning calorimetry and electrical resistivity.  

Differential scanning calorimetry (DSC) is an in-situ thermoanalytical tech-

nique. It is based on the measurement of the difference in the amount of heat required 
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to increase the temperature of a sample and a reference one as a function of tempera-

ture and time. DSC provides quantitative and qualitative information about physical 

and chemical changes that involve endothermic or exothermic processes or changes in 

heat capacity. A wide range of properties might be measured using DSC, e.g. the melt-

ing and/or the boiling point, the specific heat, the latent heat of transformation, the 

crystallization or precipitation temperature, reaction kinetics, etc. The sample and the 

reference are placed in separate crucibles on a sample holder. Thermocouples are con-

nected to the sample holder and placed under the sample and the reference. Heat flow 

through the sample holder causes a certain temperature difference. The temperature 

difference is measured as the voltage difference between the sample and the reference 

by identical thermocouple parts/sample holder junctions. In a typical DSC experiment 

the sample temperature is changed linearly as a function of time. An empty crucible or 

a sample from the known material (for example, a well annealed material which does 

not undergo transformations) can be used as a reference.  

DSC was employed to analyze melting and solidification temperatures of studied 

alloys during thermal cycles consisting of linear heating followed by linear cooling. 

High heating and cooling rate (20 °C/min) was used to simulate the real soldering 

process. Samples consisted of Cu disc (substrate) with the diameter of 4 mm with ap-

plied mildly activated flux and a 3 mm diameter disc punched from 0.15 mm thick foil 

of solder placed on the center of Cu substrate. This set-up allow us to study processes 

similar to those occuring in real solder joints. Parameters like solidification tempera-

ture may depend on the contact with substrate and formed IMC layer providing differ-

ent nucleating conditions, which is often neglected in other studies. Measurements 

were performed in a protective argon atmosphere using Netzsch Pegasus 404 appa-

ratus.  

Electrical resistivity measurement and its temperature dependence may be also 

used for investigation of phase transformations and structure changes. The total resis-

tivity 𝜌𝑇𝑂𝑇 of a crystalline metallic specimen is the sum of the resistivity due to the 

thermal agitation of the metal ions of the lattice (phonons) ρp and the resistivity due to 

imperfections in the crystal ρ0: 

 𝜌𝑇𝑂𝑇(𝑇) = 𝜌𝑝(𝑇) + 𝜌0 . (3.5) 
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This formula is known as Matthiessen’s rule [51]. In this assumption ρp is temperature 

dependent resistivity of ideal crystal lattice of the material caused by scattering of con-

duction electrons on phonons. ρ0 corresponds (in the first approximation) to the tem-

perature independent residual resistivity caused by electron scattering on defects in 

perfectly periodic crystal lattice. ρ0 can be expressed as a sum of independent terms 

originating from the amount and/or the character of particular crystal defects. Defects 

contributing to conduction electron scattering are namely: dislocations; point defects 

like vacancies, interstitials or solute atoms of impurities; particles of different phases 

(especially interfaces between phases and matrix); grain boundaries; stress fields; etc. 

It should be noted that Matthiessen's rule holds exactly only for dilute alloys in which 

the scattering from impurity atoms is nearly independent of temperature. For concen-

trated systems, Matthiessen's rule should be understood as a mere approximation [52]. 

Electrical resistivity of samples was measured by four probe method using a “home-

made” apparatus [53]. In four probe method, two pairs of contacts are used (marked 

C1,2 and P1,2 in Fig. 3.1.3). Electrical current is passed through two outer probes (C1,2), 

while the potential is measured between two inner contacts (P1,2). In this experimental 

set-up, voltage drop in contact wires is excluded. Simplified scheme of electrical re-

sistance measurement set-up is shown in Fig. 3.2.2.  

Commuted DC is used for interface potentials (thermoelectric effects) elimina-

tion. Interface potentials depend on direction of the current. Therefore, the average 

 

 

Fig. 3.2.2 Scheme of the electrical resistance measurement set-up. 
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value of the potential measured in both current directions eliminates this parasitic ef-

fect. Electrical potential was measured using Keithley 2182 nanovoltmeter and elec-

trical current was supplied by Keithley 2400 sourcemeter allowing to detect resistivity 

changes with a very high resolution. 
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4 REACTION WITH MOLTEN SOLDERS 

The chapter deals with the microstructure evolution and mechanical properties 

of Sn-Cu and Sn-Cu-Ni alloy solder joints. The influence of different soldering param-

eters on the preparation of Sn-Cu and Sn-rich Sn-Cu-Ni solder joints and their micro-

structure evolution – morphology and growth kinetics of IMC layers – will be 

presented. The analysis of the mechanical behavior is based on engineering stress-

engineering strain curves of the solder joints obtained by tensile tests at room temper-

ature. 

4.1 DSC 

DSC curves with melting and solidification of the SC and SCN alloy on Cu sub-

strate are shown in Fig. 4.1.1. Both heating and cooling rate were 20 °C/min. Disk 

samples consisted of Cu substrate (4 mm in diameter) and the solder foil (3 mm in 

diameter) stuck on the substrate flux. The average melting temperature of the SC an 

SCN alloy determined by the onset of the endothermic peak was TmSC = (230.6 ± 0.1) 

°C and TmSCN = (230.0 ± 0.1) °C respectively. Quite considerable undercooling oc-

curred during cooling of both alloys. The average undercooling was ΔTSC = (18 ± 4) 

°C and ΔTSCN = (19 ± 3) °C at SC and SCN alloy, respectively. 

 

 

Fig. 4.1.1 Melting and solidification of SC and SCN alloys. 
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Apparently the solidification temperatures can be considered as the same for both SC 

and SCN alloys. 

4.2 The morphology of IMC layers 

The morphology and the growth kinetics of IMC layers strongly depend on pa-

rameters of the soldering process (i.e. temperature of the molten solder and the dura-

tion of the reaction) and the chemical composition of the soldering alloy.  

4.2.1 Binary Sn-Cu alloys 

The IMC layer growth differs according to the Cu concentration. In order to in-

vestigate the influence of Cu on the morphology and phase composition of IMC layers 

formed during soldering three series of solder alloys were used. In the first series, sam-

ples were prepared using of the eutectic SC alloy containing 0.7 wt.% of Cu. The IMC 

layer formed during the first 5 s of the reaction with the molten solder. The layer con-

sists of small crystallites of Cu6Sn5 phase, having an equal thickness and width of ap-

proximately 1 µm. The layer did not grow with increasing reaction time, nor with 

increasing temperature of the soldering bath (Fig. 4.2.1). A rapid substrate dissolution 

was observed, the dissolution rate increased with the temperature of the molten solder.  

 

 

(a) 240 °C, 5 s 

 

(b) 240 °C, 1280 s 

Fig. 4.2.1 IMC layers of Cu6Sn5 phase of SC solder. 
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Fig. 4.2.2 Cu3Sn phase formation slowed Cu substrate dissolution; 

SC solder, 270 °C, 1280 s. 

 

Rarely, Cu3Sn layer was formed at the interface between Cu substrate and 

Cu6Sn5 layer. The thickness of the Cu3Sn layer in these regions was uniform (about 1 

µm) and its length reached a several tens of micrometers. Once the Cu3Sn layer 

formed, it prevented further substrate dissolution into the molten solder, while the dis-

solution of the surrounding substrate continued. Moundlike structures were formed by 

this mechanism (Fig. 4.2.2). 

In this slightly under-eutectic alloy, there is obviously a huge driving force leading to 

an increase of the Cu content to an equilibrium at a given temperature. Subsequent 

experiments were therefore performed with a binary alloy containing 1.4 wt. % of Cu 

(denoted by SC1). Samples prepared with SC1 alloy with short reaction times exhib-

ited an IMC layer similar to that observed in samples soldered with SC. However, at 

temperatures ≤ 255 °C, these layers grew in a typical undulating (scallop-type) mor-

phology, see Fig. 4.2.3. Adjacent Cu6Sn5 scallops join and the thickness of the layer 

increases with increasing reaction time. Deep channels extending to the substrate sur-

face were observed between neighboring scallops (Fig. 4.2.3 (a), (b)). The deep gaps 

(channels) can serve as paths for diffusion of Cu atoms from the substrate. A planar 

thin layer of Cu3Sn phase was observed between the substrate and the Cu6Sn5 phase in 

samples dipped for times longer than 300 s. In LM micrographs, the Cu3Sn layer is 

slightly darker than the Cu6Sn5 layer (Fig. 4.2.3 (a), (b)). The Cu3Sn phase nucleated 

beneath the Cu6Sn5 scallops, as evidenced by its larger thickness in these areas. At 

higher temperatures, T ≥ 275 °C, a slower growth of the IMC layer was observed. In 

some cases, the IMC layer did not form at all (Fig. 4.2.3 (c)). Moreover, faster sub-

strate dissolution was observed with increasing temperature. After long reaction times, 

the Cu3Sn layer was observed only rarely in samples prepared at T ≥ 275 °C and it 

suppressed further Cu substrate dissolution. 
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(a) 240 °C, 6000 s 

 

(b) 255 °C, 6000 s 

 

(c) 285 °C, 1280 s 

Fig. 4.2.3 IMC layers, SC1 solder. 

 

The equilibrium Cu concentration in Sn at temperatures above 260 °C is higher 

than in SC1 alloy (1.4 wt.%). As a consequence, there is a higher driving force to 

increase the Cu concentration than to form IMC. Finally, a third series of samples was 

prepared by soldering with an alloy containing 3.4 wt.% Cu (denoted by SC3).  

IMC layer grew in the whole examined temperature range, which allowed us to inves-

tigate the IMC growth kinetics in a detailed manner.  Layers observed in samples pre-

pared with the SC3 alloy exhibit a typical scallop-type morphology. After 320 s at the 

lowest temperature and after 20 s at the highest temperature, a discontinuous layer of 

Cu3Sn at the interface between the Cu substrate and the Cu6Sn5 scallops was observed. 

The dissolution rate of the Cu substrate further decreased. The composition of all 

phases was proven by linear EDS analysis. The results are shown in Fig. 4.2.4. Blue 

and green curves denote Sn and Cu concentration, respectively. Linear analysis was 

  



34 

 

 

Fig. 4.2.4 Linear EDS analysis, alloy SC3, 20 °C, 6000 s. 

 

performed along red lines – upper line intersects layers of both IMCs, lower line inter-

sects only the Cu6Sn5 layer. 

4.2.2 Ni addition 

It is expected, that Ni addition improves the soldering properties of binary Sn-Cu alloy. 

The morphology of the IMC layer formed due to the reaction of the Cu substrate with 

the molten SCN solder containing 0.6 wt.% of Cu and 0.05 wt.% of Ni addition is 

completely different from that observed in the specimens prepared with the SnCu bi-

nary solders (cf. Fig. 4.2.3 and Fig. 4.2.6). Even after 5 s of reaction with the molten 

solder, the thickness of the IMC layer is more than double than that in the binary SC 

alloy. The thickness of the layer is uniform, without larger visible protrusions or scal-

lops (Fig. 4.2.5).  

 

 

Fig. 4.2.5 Uniform IMC layer; SCN solder, 240 °C, 5 s. 
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Unlike in SC specimens, the IMC layer in the SCN alloy is not compact and 

contains entrapped solder "islands" surrounded by the IMC phase. Furthermore, the 

IMC layer grows much quicker with increasing reaction time and melt temperature as 

compared to the SC solders. Many solder islands were observed between the grains of 

the intermetallic phase.  

The morphology of the IMC layer is strongly influenced also by the reaction 

temperature. At T = 240 °C, a complex IMC layer forms consisting of two different 

sublayers (Fig. 4.2.6 (a)). The sublayer next to the substrate has a non-compact struc-

ture containing solder islands. The sublayer at the solder side has a more compact 

structure with long protrusions of IMC crystallites. The stoichiometric composition of 

the IMC layer is (Cu1-xNix)6Sn5. EDS analysis showed a different content of Ni in these 

two sublayers. Ni content in the part closer to the Cu substrate is lower than in the part 

closer to the solder (Fig. 4.2.7 (a), wine-colored curve). Ni concentration in the part 

closer to the Cu substrate is on average 5 at.% which can be expressed as 

(Cu0.90Ni0.10)6Sn5. Ni concentration in the part closer to the solder is almost twice as 

high (on average 9 at.%) which can be expressed as (Cu0.82Ni0.18)6Sn5. 

In samples prepared at T = 255 °C, the distinction of the two sublayers was less 

straightforward (Fig. 4.2.6 (b)). In samples prepared at higher temperatures, only a 

single layer can be distinguished (Fig. 4.2.6 (c)). It is evident that the solder volume 

fraction between the IMC layer islands increases with increasing distance from the Cu 

substrate. Furthermore, EDS analysis of sample prepared at 285 °C showed (Fig. 

4.2.7 (b), wine-colored curve) that Ni content increases continuously from about 4 

at.% in the vicinity of the Cu substrate to more than 11 at.% near the IMC/solder in-

terface, where the composition can be expressed as (Cu0.80Ni0.20)6Sn5.  

At the highest temperatures of the molten solder, T ≥ 270 °C, and long reaction 

times, the substrate dissolution was observed. However, the dissolution was signifi-

cantly slower than in all binary SC solders. Even at high temperatures and the longest 

reaction time (t = 6000 s), no Cu3Sn phase was observed. 

At the highest temperature, the growth rate of the IMC layer decreased. Similarly 

to the binary alloys, an additional set of samples with slightly more enriched alloy 

containing 0.9 wt.% of Cu and 0.07 wt.% of Ni (denoted by SCN+) was prepared. 

Even such a low addition of alloying elements had a significant impact on the growth 

rate of the IMC layers, while its morphology remains the same.  



36 

 

 

 

 

 

 

(a) 240 °C, 1280 s 

 

(b) 255 °C, 1280 s 

 

(c) 270 °C, 1280 s 

Fig. 4.2.6 IMC layers, SCN solder. 
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(a) Temperature 240 °C, time 1280 s 

 

(b) Temperature 285 °C, time 640 s 

Fig. 4.2.7 Linear EDS analysis, SCN alloy. 

4.2.3 P addition 

The addition of phosphorus has no effect on the morphology of the IMC layers 

neither in the binary Sn-Cu solders nor in the solders with an addition of nickel.  

4.2.4 SnPb 

The morphology and growth of the IMC layers in samples prepared in the refer-

ence SnPb solder were similar to those with the eutectic SC alloy (see Fig. 4.2.1) i.e. 

the IMC layers formed during the first few seconds after dipping into the molten sol-

der. The layers did not grow with increasing reaction time.  
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4.3 Growth kinetics of IMC layers 

Growth of layers of intermetallic phases is usually described using a generalized 

Arrhenius equation [54, 55]: 

 �̅� = 𝑘 exp (
−𝑄𝑧

𝑅𝑇
) 𝑡𝑛, (4.1) 

where �̅� is the average thickness of the IMC layer, 𝑄𝑧 is the effective activation energy 

of growth of the layer, R = 8.314 JK-1mol-1 is the universal gas constant, T is the thermo-

dynamic temperature of the molten solder, t is the time of the reaction of the molten solder 

with the substrate. The parameter n is the time exponent which depends on the growth 

mechanism of the layer. By taking a logarithm of equation (4.1), the following expression 

can be written: 

 ln �̅� = ln 𝑘 − (
𝑄𝑧

𝑅𝑇
) + 𝑛 ln 𝑡.  (4.2) 

The exponent n can be determined from the slope of a linear plot of ln �̅� vs. ln 𝑡 for each 

temperature. Similarly, the slope of a linear fit of dependence of �̅� on tn for each tem-

perature is expressed: 

 𝐶 = 𝑘 exp (
−𝑄𝑧

𝑅𝑇
). (4.3) 

By taking a logarithm of the coefficient C, the effective activation energy 𝑄𝑧 can be de-

rived from the slope of a linear fit of the dependence of ln 𝐶 on 
1

𝑅𝑇
: 

 ln 𝐶 = ln 𝑘 −
𝑄𝑧

𝑅𝑇
 (4.4) 

The mean thickness �̅� of IMC layers in each sample was evaluated from several 

light microscopy micrographs. The total area of the cross-section of the IMC layer was 

determined using a specialized software and divided by the known image width to 

obtain �̅�. 
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Table 4.1 Growth kinetics parameters. 

SCNP+ 

total 

C 

0.81 

0.84 

0.85 

0.94 

0.49 

7.2 

n 

0.55 

0.45 

0.46 

0.48 

 

 

 

 

 

 

 

 

 

SCNP 

total 

C 

0.47 

0.90 

1.23 

1.34 

0.42 

55.5 

n 

0.34 

0.43 

0.47 

0.44 

 

 

 

 

 

 

 

 

 

SCN 

total 

C 

0.54 

0.64 

0.88 

0.86 

0.49 

27.1 

n 

0.43 

0.46 

0.55 

0.53 

 

 

 

 

 

 

 

 

 

SC3 

Cu3Sn 

C 

0.22 

0.26 

0.28 

0.29 

0.24 

13.1 

N 

- 

- 

0.26 

0.21 

 

 

 

 

 

 

 

 

Cu6Sn5 

C 

0.70 

0.69 

0.79 

0.72 

0.30 

3.5 

n 

- 

- 

0.32 

0.28 

 

 

 

 

 

 

 

 

total 

C 

1.04 

1.07 

1.14 

1.15 

0.26 

5.7 

n 

0.24 

0.26 

0.28 

0.28 

 

 

 

 

 

 

 

 

 

SC1 

total 

C 

0.88 

0.92 

0.95 

- 

0.25 

6.4 

n 

0.25 

0.25 

0.26 

- 

 

 

 

 

 

 

 

 

 

 

 

T [°C] 

240 

255 

270 

285 

Avg n 

Qz [kJ/mol] 
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The growth parameters (𝑛, 𝐶, 𝑄𝑧) were evaluated for all alloys in which observ-

able IMC growth occurs. In SC3 alloy both the total IMC layer thickness and the thick-

ness of both components – Cu3Sn and Cu6Sn5 phase were determined. The growth 

kinetics curves for individual alloys prepared at four different temperatures are shown 

in Fig. A.1-7 in appendix. The growth kinetic parameters calculated from Arrhenius 

analysis for individual alloys are summarized in Table 4.1. 

4.4 EBSD 

In order to analyze details of the morphology evolution and the growth mecha-

nisms of IMC layers, EBSD measurements were performed. Samples from SC and 

SCN alloys were as representatives of two groups of alloys with similar morphology. 

Large areas along IMC layers on solder/substrate interface were scanned in order to 

obtain better statistics for grain size and texture data. Only representative parts of these 

scans are shown in the following figures. All figures are oriented with the Cu substrate 

on the bottom and the solder on the top side, being denoted in the phase maps by green 

and yellow color, respectively. Intermetallic phases Cu6Sn5 and Cu3Sn are represented 

by red and blue color, respectively. Inverse pole figure (IPF) maps are presented for 

intermetallic phases Cu6Sn5 and Cu3Sn. A color legend for IPF maps is shown in Fig. 

4.4.1. Note that in our geometry blue to green colors (right side of the standard triangle) 

in IPF maps denote an orientation of the IMC crystallites having the c-axis nearly per-

pendicular to the Cu substrate.  

Fig. 4.4.2 shows the early stage of the IMC layer formation in binary SC3 solder. 

It can be clearly seen that each bump is formed by a single grain. The layer consists of 

many isolated grains separated by solder channels.   

 

 

Fig. 4.4.1 Standard triangle – IPF maps color coding. 
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(a) Phase map 

 

(b) IPF map, Cu6Sn5 phase only 

Fig. 4.4.2 SC3 solder, 10 s, 240 °C. 

 

Fig. 4.4.3 shows the IMC layer formed in Ni containing SCN solder at the same 

conditions as the IMC layer in SC alloy shown in Fig. 4.4.2. The comparison of both 

figures indicates clearly that grains of the layer containing Ni are much finer. It is also 

apparent that individual crystallites in SCN solder are more closely connected, sepa-

rated rarely with deep channels. It should be noted, that due to a lower sample quality 

some crystallites were misindexed (indexed either as Sn or Cu). However, this does 

not affect the obvious difference in the grain morphology of IMC lays in both alloys. 

A later stage of the IMC layer prepared in SC3 solder is shown in Fig. 4.4.4. 

Bumps of Cu6Sn5 phase coarsened. Some crystallites were absorbed by adjacent neigh-

bors. Discontinuous layer of Cu3Sn phase is formed in the middle of Cu6Sn5 bumps on 

 

 

(a) Phase map 

 

(b) IPF map, Cu6Sn5 phase only 

Fig. 4.4.3 SCN solder, 10 s, 240 °C. 
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(a) Phase map 

 

(b) IPF map, Cu6Sn5 phase only 

 

(c) IPF map, Cu3Sn phase only 

Fig. 4.4.4 SC3 solder, 1280 s, 240 °C. 

 

the Cu substrate/Cu6Sn5 interface (marked with blue color in Fig. 4.4.4 (a) and in Fig. 

4.4.4 (c)). The average grain size in Cu3Sn phase layer ranges between 0.5 – 1 μm. 

While there is only a single layer of Cu6Sn5 grains, Cu3Sn grains form in several layers.  

The IMC layers formed after a long reaction time of Cu substrate in Ni contain-

ing solders exhibit a much finer grain structure, see Fig. 4.4.5 and Fig. 4.4.6.  

The layer grown at 240 °C (Fig. 4.4.5) consists of several sub-layers – close to 

the substrate (on the bottom part of the pictures) we can observe a thin compact layer 

with no solder islands. The middle part consists of IMC grains and entrapped solder 

islands. On the top of the layer (on the solder side), a more compact layer with a lower 

amount of solder is formed. 

The layer formed at 285 °C does not contain the top compact layer at all as evi-

denced in Fig. 4.4.6. Only the compact sub-layer on the substrate side and the layer 

with the solder islands were observed. The volume fraction of these layers gradually 

increases with increasing distance from the substrate. 
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(a) Phase map 

 

(b) IPF map, Cu6Sn5 phase only 

Fig. 4.4.5 SCN solder, 2560 s, 240 °C. 
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(a) Phase map 

 

(b) IPF map, Cu6Sn5 phase only 

Fig. 4.4.6 SCN solder, 1280 s, 285 °C. 

 

Note that grains adjoining the substrate (the bottom layer which is formed first) 

do not grow significantly. Compare the enlarged section of the layer formed after 

1280 s at 285 °C in Fig. 4.4.7 and the layer observed after 10 s at 240 °C in Fig. 4.4.3 

(both figures have the same magnification).  

In order to analyze the texture of the IMC layers pole figures were constructed 

from the orientation data in Fig. 4.4.2 – 6. Only a weak texture was found in pole 

figures corresponding to the early stages of the IMC layer formation in SC and SCN 

alloy (Fig. 4.4.8), i.e. the c-axis exhibited only a slight preferential orientation perpen-

dicular to the substrate. 

 

 

Fig. 4.4.7 Detail of the IMC layer adjacent to Cu substrate, SCN solder, 640 s, 

285 °C. 
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(a) SC solder, 240 °C, 10 s (b) SCN solder, 240 °C, 10 s 

Fig. 4.4.8 Pole figures of Cu6Sn5 phase of early stages of IMC layer formation. 

 

After the long reaction time, the texture is much stronger. Cu6Sn5 grains in the 

IMC in SC solder prepared at 240 °C are apparently preferentially oriented with c-axis 

nearly perpendicular to the substrate (Fig. 4.4.9 (a)).  The origin of the strong texture 

observed in layers prepared during long reaction in SCN solder is not clear (Fig. 4.4.9 

(b)). The same preferential orientation was observed in the whole IMC layer. From the 

texture evolution it can be concluded that the growth of crystallites with a preferred 

orientation is promoted in both SC and SCN alloys. On the other hand no relationship 

between the orientation of the Cu substrate and formed layers was found. The rolled 

sheet of Cu consists of coarse (up to 100 μm) heavily deformed grains. Several EBSD 

scans from different regions of each sample were performed. However, the same tex-

ture of the intermetallic phases was observed irrespective of the local orientation of 

the coarse-grained Cu substrate.  

The grain orientation of Cu3Sn phase is random, with no preferred direction. 

 

  

(a) SC solder, 240 °C, 1280 s (b) SCN solder, 240 °C, 640 s 

Fig. 4.4.9 Pole figures of Cu6Sn5 phase after long time reaction. 
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4.5 Dissolution of the Cu substrate 

Microstructure observation of the morphology and the formation of IMC layers 

described in detail in section 4.2 revealed significant dissolution of Cu substrate during 

the formation of the solder joint. In this section the mechanism of Cu substrate disso-

lution in individual solders/alloys will be investigated in detail. 

The dissolution rate of the Cu substrate dipped into molten solders was estimated 

using light microscopy. The thickness of Cu plates before and after an immersion into 

the molten solders was measured and the thickness decrease Δh was evaluated.  Results 

obtained in SC alloy prepared at different soldering conditions are shown in Fig. 4.5.1. 

The dissolution rate calculated as Δh/ Δt is shown in Fig. 4.5.2. It is clear, that the 

dissolution rate increases with increasing temperature of the molten solder. At higher 

temperatures (270 and 285 °C) the dissolution rate of Cu in SC alloy was found to be 

more than twice higher than in SCN. Dissolution of the substrate in SC1 at low tem-

peratures (at which the IMC layer grew and the Cu content was above the equilibrium) 

is negligible. At higher temperatures, the dissolution rate reaches values comparable 

to those of SC. Dissolution of Cu in SC3 is negligible at all temperatures. In the solders 

containing Ni of higher concentrations, i.e. SCN+ and SCNP+, the dissolution rate of  

 

 

Fig. 4.5.1 Thickness decrease of Cu substrate after a reaction with SC. 

 



47 

 

 

Fig. 4.5.2 Comparison of dissolution rate of Cu in SC and SCN alloy. 

 

the Cu substrate was nearly the same for all investigated temperatures, being equal to 

approximately 2 μm/min. 

4.6 Mechanical properties 

4.6.1 Microhardness 

The mechanical properties of individual parts of the solder joints were investi-

gated by microhardness measurement. Due to the character of IMC layers Knoop in-

dentor was employed. The strength of each component and its deformation mechanism 

was estimated from microhardness data. 

Microhardness measurements revealed a high hardness and brittleness of the in-

termetallic phase (Fig. 4.6.1 (a)). In cases in when the IMC layer between SC3 solder 

and Cu substrate did not break during indentation, the microhardness of approximately 

375 HK was found.  

More reliable value of the microhardness of Cu6Sn5 phase was determined by 

indentation of large IMC particles in the solder volume (Fig. 4.6.1 (b)). The average 

hardness of the Cu6Sn5 phase was 560 HK and the highest obtained value was 690 HK. 

Due to high brittleness of the IMC, the particles usually cracked during indentation, 
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which enabled a deeper penetration of the indenter and resulted in a lower measured 

hardness. The real microhardness of the bulk Cu6Sn5 is probably close to the highest 

recorded value, or even exceeds it. 

The microhardness of the double phase IMC layers formed in SCN alloy was 

determined by the volume fraction of the solder in the intermetallic phase layer. During 

indentation, these layers crumbled due to the presence of channels containing a much 

softer solder. Therefore, the resulting microhardness value is not the hardness of the 

(Cu,Ni)6Sn5 phase itself but it indicates rather the degree of the compactness of the 

layer. The average microhardness value of the layers in SCN alloy prepared at 240 °C 

depends on the region in the layer. In the region close to the Cu substrate, the micro-

hardness of 310 HK was determined while in the region close to the solder it yielded 

285 HK. The layer structure contains an almost equal amount of entrapped solder 

across its thickness (Fig. 4.6.1 (c)). In SCN alloy sample prepared at 285 °C, this dif-

ference is considerably higher. The average microhardness in the region close to the 

Cu substrate was 265 HK, whereas in the region close to the solder it was 105 HK 

 

  

(a) SC3 alloy, 240 °C, 6000 s  (b) Cu6Sn5 phase intermetallic particle 

in solder volume  

  

(c) SCN alloy, 240 °C, 1280 s (d) SCN alloy, 285 °C, 1280 s 

Fig. 4.6.1 Microhardness of solder joint components. 
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 (Fig. 4.6.1 (d)). The fraction of Sn increases across the layer thickness from the sub-

strate to the solder interface.  

The average microhardness of the solder was only 15 HK and no difference was 

observed between SC and SCN solders. The average microhardness of the Cu substrate 

was 70 HK. 

 

4.6.2 Tensile tests 

In this chapter, the results of room temperature tensile testing of solder joints 

prepared under different soldering condition in SC and SCN alloys will be presented. 

Tensile samples were prepared with solder layer of thickness 0.1 mm (described in 

section 3.1.2). The strength of simulated solder joints was investigated as a function 

of the soldering alloy and the time and temperature of soldering. Solder joints prepared 

in SC and SCN alloys were tested in uniaxial tension at room temperature. A set of 

samples (minimum 10 specimens for each condition) was prepared in a solder bath at 

temperatures 240 and 270 °C. The reaction times were 5, 20 and 320 s.  

 

 

Fig. 4.6.2 UTS of solder joints. 
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In the following text the achieved maximum engineering stress will be also re-

ferred as the ultimate tensile strength (UTS). The average values of the ultimate tensile 

strength for each set of samples are presented in Fig. 4.6.2. It can be seen that the 

ultimate tensile strength of the solder joints decreases with increasing temperature of 

molten solder as well as with the reaction time. The strength of the solder joints pre-

pared at 240 °C are similar for both alloys. Samples from SCN alloy prepared at tem-

perature of 270 °C for all reaction times exhibit a significantly higher strength than 

samples prepared at the same temperature in the eutectic alloy SC. It is important to 

mention that a lot of solidification defects (bubbles of evaporating flux or voids) were 

observed in samples prepared at the shortest reaction time. Therefore, the values of 

UTS obtained under these conditions were obtained with lower precision. 

4.6.3 Fracture analysis 

Analysis of the simulated solder joints after the tensile tests revealed several dif-

ferent characteristics of the fracture surfaces corresponding to different mechanisms 

of fracture. At short reaction times (5 and 20 s), 3 types of fracture surfaces were 

observed: 

 Brittle rupture along the IMC/solder interface – the top of the IMC layer with 

round crystallites of Cu6Sn5 (Fig. 4.6.3 (a),(b)) was observed on one side of the 

fracture surface. On the opposite side, a nondeformed imprint of the IMC layer 

in the solder matrix was visible (Fig. 4.6.3 (c)). Note the increasing size of the 

IMC crystallites with increasing reaction time. Fracture type is schematically 

shown in Fig. 4.6.4 (a). 

 Ductile dimple fracture in solder bulk close to the IMC interface – the fracture 

initiates at the interface between the IMC and the solder. The crack propagates 

further through plastically deformed bulk solder (Fig. 4.6.3 (d) and the schematic 

drawing in Fig. 4.6.4 (b)). In the center of each depression, the IMC layer is 

revealed. 

 Brittle intercrystalline fracture along grain boundaries of solder – observed oc-

casionally only in samples prepared in SC alloy (Fig. 4.6.3 (e) and the schematic 

drawing in Fig. 4.6.4 (c)). Samples with this type of fracture exhibit the highest 

UTS. 
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(a) Alloy SC, 240 °C, 5 s (b) Alloy SC, 240 °C, 20 s 

  

(c) Alloy SC, 240 °C, 5 s (d) Alloy SC, 270 °C, 5 s 

  

(e) Alloy SC, 240 °C, 5 s (f) Alloy SCN, 240 °C, 320 s 

Fig. 4.6.3 Fracture surfaces of solder joints. 
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(a) Brittle rupture along IMC/solder in-

terface 

(b) Ductile dimple fracture in solder 

bulk close to IMC interface 

  

(c) Brittle intercrystalline fracture in 

solder layer 

(d) Brittle transcrystalline fracture 

through crystallites of IMC 

Fig. 4.6.4 Schematic drawings of fracture morphology. 

 

The fracture surface of samples prepared at the long reaction time of 320 s had 

most often a brittle transcrystalline character – with cracks passing through crystallites 

of IMC (Fig. 4.6.3 (f) and the schematic drawing in Fig. 4.6.4 (d)). Only occasionally, 

the occurrence of ductile dimple fracture was observed. 

4.7 Discussion 

4.7.1 Morphology of IMC layers – effect of Cu content 

After the simulated wave soldering, i.e. dipping the Cu substrate into a bath with 

a large amount of molten solder of constant composition, several morphological types 

of IMC layers depending on temperature, reaction time and composition of alloy were 

observed. 

In samples prepared in binary SnCu alloy with under-eutectic composition of 

0.7 wt.% of Cu (alloy SC), the intermetallic layer (crystallites of Cu6Sn5) forms during 

the first seconds and does not further grow regardless of the temperature of the melted 

solder. All dissolved material is quickly transported into the volume of the melt and 
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does not contribute to further IMC layer growth. The intermetallic layer in samples 

prepared in binary SnCu alloy with 1.4 wt.% of Cu (alloy SC1) grows only at temper-

atures below the liquidus for a given Cu content (i.e. below 260 °C for 1.4 wt.% Cu, 

see Fig. 4.7.1), exhibiting the typical scallop-type morphology. Above the liquidus, 

the Cu substrate dissolves in the solder and consequently no IMC layer forms. 

Investigations of binary SnCu alloy with 3.4 wt.% of Cu (SC3 alloy) indicate 

that the thickness of the IMC layer increases significantly with increasing temperature 

of molten solder and increasing time. Even at the highest studied temperature, the Cu 

content is well above the solution limit in Sn. Therefore, there is no driving force to 

dissolve the substrate and to increase the Cu concentration in the melt. The interme-

tallic layers exhibited the typical scallop-type morphology. A similar morphology was 

reported by many authors who prepared their samples by a reflow of a small amount 

(thin sheet, small balls, thin film of paste,...) of pure Sn, SnCu0.7, SnAg3.5, 

 

 

Fig. 4.7.1 Sn rich side of Sn-Cu phase diagram [56]. Compositions of SC and SC1 

alloys are indicated by red dashed lines. 
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SnAg3.5Cu0.7 or other solders with low content of Cu on Cu substrate [54, 57, 58]. 

The thickness of the solder layer in these experiments was a few hundreds of microm-

eters. From our estimation of dissolution rate it may be concluded that such a small 

amount of solder is enriched by dissolved Cu to an equilibrium concentration during a 

few tens of seconds. This fact has a great impact on IMC growth kinetics and mor-

phology. It is one of the principal differences which determine the final IMC morphol-

ogy of solder joints prepared by different techniques. Wave soldering, which we are 

simulating in this work, corresponds to the use of a virtually infinite reservoir of mol-

ten solder with a constant composition. On the other hand, during reflow soldering in 

which only a very limited amount of solder is used, the composition of the solder 

changes rapidly due to substrate dissolution. Unfortunately, this fact is often omitted 

in the literature. 

After reaction in binary SnCu alloys for longer times, a layer of Cu3Sn phase 

was observed. This phase forms at the solid-solid interface between the Cu substrate 

and the Cu6Sn5 layer. In alloys with a lower Cu concentration (SC and SC1 at higher 

temperatures), the Cu3Sn layer was observed after reaction times longer than 320 s and 

at higher temperatures (270 and 285 °C). Cu3Sn was observed only occasionally at 

sections of Cu/Cu6Sn5 interface. The layer had a length of several tens of microns and 

a thickness of approximately 1 μm. From the phase diagram of Sn-Cu system it is 

apparent, that the concentration range of existence of Cu3Sn is narrower than that of 

Cu6Sn5 (see Fig. 1.3.1) Furthermore, Cu3Sn exhibits a higher melting temperature than 

Cu6Sn5. Therefore Cu3Sn is thermodynamically more stable than Cu6Sn5. Further sub-

strate dissolution was prevented in regions where Cu3Sn phase formed (e.g. due to 

some local inhomogeneities). The presence of Cu3Sn effectively suppressed the diffu-

sion of Cu atoms from the substrate into the molten solder. In alloys with a higher Cu 

concentration (SC3 and SC1 at lower temperature), the Cu3Sn phase was observed 

after 320 s at the lowest temperature and after 20 s at the highest temperature. Cu3Sn 

developed preferentially in the central parts of the Cu6Sn5 scallops. In diffusion chan-

nels between these scallops (i.e. on the grain boundaries of Cu6Sn5) Cu3Sn does not 

form due to a high flux of Cu atoms. 

EBSD analysis of the early stages of the IMC layer formation (reaction time 

10 s) showed only a weak texture. After a longer reaction time, a preferential orienta-

tion of the Cu6Sn5 crystallites with the hexagonal c-axis perpendicular to the substrate 



55 

 

was observed. The same texture was reported in [59-61]. Even at the longest reaction 

time, only a single layer of Cu6Sn5 grains was observed. The grains nucleated only 

during the first seconds after the contact of the molten solder with the Cu substrate. 

During further treatment, the Cu6Sn5 grains coalesced and grew, while no more nucle-

ation occurred. It was observed that Cu3Sn phase nucleates on the solid-solid interface 

between the Cu substrate and Cu6Sn5 phase. After the longest reaction time the Cu3Sn 

layer was formed comprising 0.5 – 1 μm grains with no texture. 

The addition of P into SnCu0.7 solder had no measurable effect on the IMC 

layers morphology. 

4.7.2 Morphology of IMC layers – effect of Ni addition 

The addition of trace amount of 0.05 wt. % of Ni into the binary Sn-Cu alloy 

containing 0.57 wt. % of Cu (alloy SCN) has a great impact on the IMC morphology. 

As discussed above, the IMC in SC and SC1 alloys did not grow with increasing reac-

tion time at higher temperatures and a massive substrate dissolution occurred. IMC 

layers in samples of SCN alloy (which contains even less Cu than SC) grew with in-

creasing reaction time at all studied temperatures. The substrate dissolution was 

slowed down. In contrast to the scallop-type morphology typical for binary Sn-Cu or 

Sn-Ag-Cu solders, the IMC layers in SCN alloy exhibit a porous structure with the 

solder trapped between individual IMC grains. This type of morphology is sometimes 

referred to as aggregate-type microstructure. The same effect was described in a num-

ber of studies of Sn-Cu or Sn-Ag-Cu alloys doped with Ni [62-66]. Very similar IMC 

morphology was also observed in studies investigating the reaction of solders not con-

taining Ni with Ni substrate [58, 67-69] or in works dealing with reaction of pure tin 

with substrate formed by Cu-Ni5 alloy [70]. A similar morphology was also obtained 

by a reaction of Cu substrate with solders doped with a small amount of Co [65, 71].  

The concentration of Ni in the IMC in samples prepared with SCN alloy is sev-

eral orders of magnitude higher than that in the bulk solder. SCN alloy contains 

0.1 at.% of Ni. The highest Ni concentration in the IMC layer found in this work was 

11 at.% and the corresponding composition can be written as (Cu0.80Ni0.20)6Sn5. This 

is consistent with other studies [65]. In a study of a Sn-Cu-Ni ternary system the au-

thors reported the solubility limit of Ni in Cu6Sn5 phase of about 25 at.%[44]. Ni con-

centration in the IMC is independent of Ni, Cu or Ag content in the bulk solder. 
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However, it depends on the reaction time. Last but not least, the addition of Ni very 

effectively suppresses Cu3Sn phase formation, which was also reported by other au-

thors [62, 71-73]. We observed only a very thin discontinuous layer of Cu3Sn after the 

longest reaction times. The reason for such behavior is still subject of further investi-

gation. 

There are significant discrepancies in the recent literature concerning the phase 

equilibria of Sn-rich Sn-Cu-Ni alloys. For example, the liquidus projections of the Sn- 

rich corner, according to Lin et al. [44], Snugovsky et al. [74], and Vuorinen et al. 

[75],are significantly different. In the most recent work by Gourlay et al.[76], the au-

thors used a vacuum fluidity technique coupled with isothermal holding experiments 

to study the phase equilibria and solidification behavior of very Sn-rich Sn-Cu-Ni al-

loys (Fig. 4.7.2). Based on their results and Sn-Cu and Sn-Ni binary phase diagrams it 

can be assumed that the studied SCN alloy is not saturated despite very low solubility 

of Ni in Sn. 

 

 

Fig. 4.7.2 Isothermal section of Sn-Cu-Ni phase diagram at 268 °C, color scale 

represents the fluidity length. [76]. Composition of the SCN and SCN+ alloys is 

indicated. 
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Analogously to the texture evolution in the binary SC alloy, the texture of 

(Cu,Ni)6Sn5 crystallites in the early stages of IMC formation in SCN alloy is weak, 

while it becomes stronger with increasing reaction time. We observed quite strong 

orientation with a common c-axis direction. However, in the contrary to SC alloy, the 

c-axis was not always oriented perpendicular to the substrate. Nevertheless, the texture 

remains the same across the layer thickness. In Fig. 4.7.3, two parts of the IMC layer 

were analyzed separately – one closer to the Cu substrate and the other one closer to 

the solder. The preferential direction of the c-axis is almost the same in both parts. 

This fact suggests, that only a very limited amount of newly nucleated grains were 

formed. IPF maps presented in Fig. 4.4.5 (b) and Fig. 4.4.6 (b) confirm this assump-

tion. A closer examination of these maps reveals vertical stripes of an identical color 

(i.e. the same crystal orientation). Most likely, these structures are formed by large 

crystallites with a complex furcated shape. 

The EBSD analysis showed that all entrapped solder islands in the two phase 

IMC layer have a single orientation. As the (Cu,Ni)6Sn5 forms at high temperatures, at 

which the solder is in a liquid state, the observed single orientation can be explained 

by interconnection of all solder regions in the volume of the IMC layer. Solder regions 

in a 2D cross-section only look like islands, in fact, in 3D volume are interconnected. 

This observation has an important impact on the later discussed growth kinetics and 

the diffusion paths of Cu atoms dissolved from the substrate. 

EBSD scans show that with Ni addition significantly suppresses the coalescence 

of crystallites, see Fig. 4.4.7. Even after very long reaction times, only tiny grains of 

(Cu,Ni)6Sn5 phase were detected at the interface with Cu substrate. The width of these 

 

  

(a) Solder side (b) Cu substrate side 

Fig. 4.7.3 Pole figures of (Cu,Ni)6Sn5 phase of sample prepared in SCN alloy, 

240 °C, 640 s; two parts of the layer were analyzed separately. 
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primary grains remains almost unchanged during the reaction. They form an almost 

compact layer having the thickness of a few micrometers. This layer considerably re-

duces the Cu diffusion from the substrate, as compared to the structure with deep sol-

der channels between IMC grains observed in solders without Ni. This contributes to 

a slower dissolution rate of Cu substrate observed in SCN solders. 

4.7.3 IMC growth kinetics analysis 

The analysis of the growth kinetics of the IMC layers formed during a reaction 

with binary Sn-Cu alloys showed that neither the time exponent n nor the effective 

activation energy Qz depend on the Cu concentration in the melt if this concentration 

is higher than the equilibrium at a given temperature. The time exponent n in binary 

alloys is close to 0.25 which was observed also in alloys in which IMCs form scallop-

type morphology (Sn-Cu, Sn-Ag, Sn-Ag-Cu, Sn-Pb,…) [58, 77]. The time exponent n 

reflects the mechanism of the IMC growth. In the case of a typical diffusion controlled 

process, n = 0.5. It was shown in [77] that in scallop-type morphology of the IMC layer 

with grains separated by deep and sufficiently wide diffusion channels filled by liquid 

solder during the reaction, the coefficient n = 0.33. This model assumes a predominant 

grain boundary diffusion of Cu atoms from the substrate through the liquid channels 

while volume diffusion through Cu6Sn5 grains can be neglected. Nevertheless, when 

the grain size of the IMC reaches a certain size, the fraction of grain boundary becomes 

relatively small with respect to the grain volume. Therefore, volume diffusion becomes 

the dominant transport mechanism and consequently, the layer formation process 

slows down and the growth exponent decreases. Identification of the growth kinetics 

parameters of individual components of the IMC layer was not sufficiently reliable. 

The time exponent n for Cu6Sn5 phase determined in this work is consistent with the 

value estimated by Gagliano [54]. However, n for Cu3Sn phase was estimated to be 

0.24 in this work, whereas the value of 0.5 was found in [54]. The Cu3Sn formation is 

a fully diffusion-controlled process occurring in solid state. The growth rate obeying 

~t1/2 is much more probable. 

In Ni containing solders the time exponent n close to 0.5 was determined. Similar 

behavior was observed in [54] where the reaction of Sn-Ag-Cu alloy with Ni substrate 

was studied. The morphology of formed IMC layers was similar to those presented in 

this study in solders containing Ni. Considering the difference in morphology of the 
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(Cu,Ni)6Sn5 formed in Ni containing alloys and scalloped-type Cu6Sn5 formed in bi-

nary alloys, it is not surprising that growth kinetic is different in both these alloys.  

The effective activation energy of the IMC layer growth calculated for binary 

Sn-Cu alloys in this study was approximately 6 kJ/mol. This is consistent with results 

of studies in which a small amount of Sn-Pb-Ag solder was reflowed on a Cu substrate; 

the reported values of the effective activation energy were 7 kJ/mol [77] and 9 kJ/mol 

[78]. Similarly, in Sn-Ag alloy reflow, the effective activation energy of 7.6 kJ/mol 

was found [55]. Qz = 17.5 kJ/mol was estimated for samples  prepared with pure Sn 

[54]. However, even higher values of  the effective activation energy (22 – 30 kJ/mol) 

were reported for Sn-Ag, Sn-Cu and Sn-Ag-Cu solder systems in [58]. The reason for 

such a discrepancy is not known. In [54], the effective activation energy of 

Qzε = 26.5 kJ/mol and Qzη = 13.4 kJ/mol was reported for the two IMC components, 

Cu3Sn and Cu6Sn5 respectively. Our results (Qzε = 13 kJ/mol and Qzη = 3.5 kJ/mol) are 

consistent with reported results only in the trend, i.e. Qzη < Qzε. However, it should be 

noted that also the total layer thickness from which the effective activation energy was 

calculated in this work, was more than two times larger than that reported in [54]. 

Moreover, it should be also mentioned that, the thickness determination of the two 

particular IMC layers might be less accurate due to a lower optical micrographs reso-

lution employed in our study.  

 

 

Fig. 4.7.4 Comparison of IMC growth kinetics in SC3 and SCN alloys, measured 

layer thicknesses and the fit using equation (4.1) for different temparatures. 
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The effective activation energy calculated in our study for under-saturated alloys 

containing Ni was considerably higher (27 kJ/mol and 55 kJ/mol in SCN and SCNP, 

respectively). There are no comparable data in literature to discuss these values. It is 

very surprising that in the over-saturated SCNP+ the growth kinetics is much less de-

pendent on the temperature and the effective activation energy is therefore much 

lower, only 7 kJ/mol. The comparison of the IMC growth rate in SC3 and SCN alloys 

is presented in Fig. 4.7.4 The measured thickness is represented by points. The lines 

denote a fit of the thickness values using equation (4.1) and parameters from Table 

4.1. 

4.7.4 Mechanical properties 

It is well known that the strength of a material is very sensitive on its microstruc-

ture. In previous sections, the microstructure evolution of SC and SCN solder joints 

was described and discussed. It was shown that interface behaviour between IMC lay-

ers and solder alloy is very important for the mechanical properties of the solder joints. 

As mentioned above, the morphology of the IMC layers in SC alloy is very sen-

sitive to temperature and reaction time. The growth kinetics is also influenced by the 

temperature and the time of the reaction with the solder. It is clear that Cu dissolves 

from the Cu substrate to the molten solder faster at a higher temperatures and the mi-

crostructure of the solder matrix is more homogeneous. As a result, the UTS of SC 

produced at T = 270 °C is inferior to that for samples prepared at 240 °C. 

 The addition of Ni changes the morphology of the IMC layer formed due to the 

reaction of the Cu substrate with the molten SCN. It is completely different from that 

observed in the SnCu binary solders (cf. Fig. 4.2.3 and Fig. 4.2.6). IMC layers in the 

SCN alloy grow much faster with increasing reaction time and increasing melt tem-

perature than the layers in the Sn-Cu solders. The Cu6Sn5 grains in SCN solder are 

finer than those in the SC solder under the same soldering conditions. Due to the mi-

crostructure changes with soldering temperature, the SCN solders prepared at a higher 

molten temperature of 270 °C exhibit higher values of UTS than those estimated for 

the SC solder.  

UTS is also sensitive to the thickness of solder layer in between two substrate. 

Kim et al. [79] reported UTS close to 120 MPa at Sn-Ag-Cu-Ni solder joint with the 

gap between Cu parts of 250 μm. This value is perfectly consistent with our results on 
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samples with the gap of 100 μm. On the other hand, Kikuchi et al. in [80] reported 

significantly lower UTS (1/2 – 1/3) in samples with the gap of 1 mm. 
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5 AGEING AT ELEVATED TEMPERATURES 

The IMC layers in solder joints may further evolve during ageing at elevated 

temperatures. Excessive growth of the layers may deteriorate the reliability of the sol-

der joints. Increasing thickness of the IMC layers, microstructural changes in the sol-

der matrix and void formation may deteriorate both mechanical and electrical 

properties. 

All samples for ageing studies were prepared using the same soldering scheme 

simulating the real soldering process, i.e. the soldering bath temperature of 255 °C and 

the reaction time of 20 s were employed. Ageing temperature and ageing time varia-

tions were used to investigate the microstructure evolution, mechanical and electrical 

properties of solder joints. The ageing temperatures varied between 120 and 170 °C 

and the ageing times ranged from 3 to 24 days. All samples for IMC morphology and 

growth kinetics studies, tensile tests and electrical resistivity measurements presented 

in this chapter were prepared with the same geometry. A 0.5 mm wide groove was cut 

in the Cu substrate, being subsequently filled by a liquid solder during the soldering 

process. Further details can be found in section 3.1.23.2.1.  

5.1 Morphology of IMC layers 

5.1.1 Binary Sn-Cu alloy 

The IMC layer formed in the SC alloy during soldering has the same microstruc-

ture as in samples with different geometry shown in chapter 4.2.1. (Fig. 5.1.1 (a)). It 

consists of scallops of Cu6Sn5 phase with the typical dimension of 1 μm. After 3 days 

of ageing at 150 °C, adjacent scallops join, while the larger ones or those with preferred 

crystallographic orientation prevail and smaller crystallites disappeared. After ageing 

the IMC layer appears flatter than that observed after the reaction with the molten 

solder. In the solid state reaction, no channels are formed between neighboring Cu6Sn5 

grains (Fig. 5.1.1 (b)). Even after the longest reaction time Cu6Sn5 layer contains only 

one grain through its thickness. A layer of Cu3Sn phase forms at the interface between 

the substrate and the Cu6Sn5 phase. It consists of fine columnar grains and its thickness 
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is almost the same as the thickness of the Cu6Sn5 layer. At the higher ageing tempera-

ture (170 °C) the growth of the layers is more rapid, cf. Fig. 5.1.1 (c) and (d).  

Addition of P (SCP alloy) has only a minor effect on the IMC morphology. In 

comparison with the binary SC alloy, slightly thicker layers of the Cu3Sn phase grow-

ing at the expense of the Cu6Sn5 phase were observed. 

  

 

(a) As-soldered 

 

(b) 150 °C, 3 days 

 

(c) 150 °C, 24 days 

 

(d) 170 °C, 24 days 

Fig. 5.1.1 SC alloy – IMC layer morphology evolution during ageing. 
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5.1.2 Ni addition 

The IMC layer formed in the SCN alloy is surprisingly thick in the as-soldered 

state. Its thickness is approximately double as compared to the IMC layers observed 

in chapter 0 (see Fig. 5.1.2 (a)).  

 

 

(a) As-soldered 

 

(b) 150 °C, 3 days 

 

(c) 150 °C, 24 days 

 

(c) 170 °C, 24 days 

Fig. 5.1.2 SCN alloy – IMC layer morphology evolution during ageing. 
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The two-phase layer consisting of (Cu,Ni)6Sn5 phase and entrapped solder be-

comes compact during ageing. The material of the solder islands transforms into 

(Cu,Ni)6Sn5, the transformation starting from the Cu substrate as it can be seen in Fig. 

5.1.2 (b). Only a very thin layer of Cu3Sn phase was observed at the interface between 

the substrate and the (Cu,Ni)6Sn5 phase. The growth rate of IMC layers increases with 

increasing ageing temperature. 

The initial thickness of the IMC layer formed in the SCNP alloy was much lower 

than in the SCN alloy, being comparable to the IMC layer thickness observed in chap-

ter 4.2.3. 

5.1.3 SnPb 

The IMC layers in the SnPb alloy evolved in a very similar way as in the SC 

solder. The microstructure of the solder matrix in the as-soldered state consists of fine 

Sn-Pb eutectics. During ageing the eutectic structure quickly coarsens, see Fig. 5.1.3 

(black areas in Fig. 5.1.3 are artifacts from sample polishing). 

 

  

(a) As-soldered (b) 150 °C, 3 d 

Fig. 5.1.3 SnPb alloy – the IMC layer morphology and solder matrix microstruc-

ture. 
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5.2 Growth kinetics of IMC layers 

The thickness increase of IMC layers in all investigated alloys during ageing at 

150 and 170 °C is shown in Fig. A.8 and Fig. A.9 in appendix, respectively. The thick-

ness of individual IMC layers was determined using SEM micrographs taken along 

much longer section of the interface and exhibiting a large contrast between individual 

phases than in section 4.3. This allows us to determine the thickness of the whole layer 

as well as of both its components (Cu3Sn and Cu6Sn5 phases). IMC layers in the aged 

samples were more planar and more uniform along the Cu substrate/solder interface 

as in the as-soldered condition. As a consequence, the mean thickness of the IMC layer 

and of both its components was determined with considerably less scatter than in sec-

tion 4.3 where the mean thickness was determined from optical microscope images 

only. Error bars in Fig. A.8 and Fig. A.9 would be smaller than symbols in the plots 

and therefore are omitted. 

Growth kinetics of IMC layers of both Cu3Sn and Cu6Sn5 phases were similar in 

SC, SCP and SnPb alloys. However, a slightly faster growth of Cu6Sn5 layer thickness 

at the expense of Cu3Sn one was observed in samples soldered with SnPb aged at 

170 °C. Very fast growth occurs during the first three days of ageing, followed by a 

steady growth with much slower rate upon further ageing.  

Thickening of the IMC phases in SCN and SCNP alloys occurred in a different 

way. A steady growth with a constant rate of the Cu6Sn5 layer was observed from the 

beginning of ageing. Moreover, much thinner layer of the Cu3Sn phase was observed 

in the Ni containing alloys. In the later stage of ageing at 170 °C, the growth rate of 

the Cu3Sn noticeably increased. 

The dependence of the logarithm of the mean thickness of Cu3Sn and Cu6Sn5 

phase layers on the logarithm of ageing time is shown in Fig. 5.2.1 and Fig. 5.2.2. The 

slope of the linear fit corresponds to the time exponent n.  
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(a) 150 °C 

 

(b) 170 °C 

Fig. 5.2.1 Growth kinetics of Cu3Sn phase layers at different temperatures. 
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(a) 150 °C 

 

(b) 170 °C 

Fig. 5.2.2 Growth kinetics of Cu6Sn5 phase layers at different temperatures. 
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5.3 EBSD 

EBSD scans were performed to elucidate the details of the morphology of indi-

vidual IMC layers formed during ageing of individual alloys. Figures presented in this 

chapter are oriented similarly as in section 0, namely the Cu substrate (denoted by 

green color) being on the bottom side while the solder layer (marked by yellow color) 

on the top of each figure. The intermetallic phases Cu6Sn5 and Cu3Sn are depicted by 

red and blue color, respectively. The same color coding of IPF maps according to the 

standard triangle depicted in Fig. 4.4.1 is used here. 

Similar morphology of the IMC layers in all alloys without Ni was observed 

using SEM. Detailed analysis of IMC layers morphology using EBSD was performed 

only on samples prepared in the SC alloy as a representative of alloys without Ni. The 

IMC layers formed in SC samples aged for 24 days at 150 and 170 °C are shown in 

Fig. 5.3.1 and Fig. 5.3.2, respectively. It can be observed, that coalescence of Cu6Sn5 

grains is more pronounced at 170 °C (cf. Fig. 5.3.1 (b) and Fig. 5.3.2 (b)). Cu6Sn5 

crystallites are considerably wider at the higher temperature, whereas their height is 

comparable at both temperatures. Cu3Sn grains nucleate in several layers. After long 

ageing times, columnar grains of Cu3Sn phase were be observed at the interface be-

tween Cu6Sn5 and Cu3Sn phases. The Cu3Sn grains do not coalesce, their width does 

not change with time. 

 

 

(a) Phase map 

 

(b) IPF map, Cu6Sn5 phase only 

 

(c) IPF map, Cu3Sn phase only 

Fig. 5.3.1 SC solder aged at 150 °C for 24 days. 
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(a) Phase map 

 

(b) IPF map, Cu6Sn5 phase only 

 

(c) IPF map, Cu3Sn phase only 

Fig. 5.3.2 SC solder aged at 170 °C for 24 days. 

 

The morphology of both Ni containing alloys was very different as compared to 

alloys without Ni addition. Detailed analysis of IMC layer morphology was performed 

on samples prepared in SCN solder as a representative of alloys with Ni. IMC layers 

 

 

(a) Phase map 

 

(b) IPF map, Cu6Sn5 phase only 

 

(c) IPF map, Cu3Sn phase only 

Fig. 5.3.3 SCN solder aged at 150 °C for 24 days. 
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in SCN alloy at 150 and 170 °C are shown in Fig. 5.3.3 and Fig. 5.3.4 respectively. 

After ageing for 24 days at 150 °C Cu6Sn5 grains fill the double phase layer formed 

after soldering (reaction with liquid solder) but coarsen only slightly (Fig. 5.3.3 (b)). 

On the other hand, after ageing at 170 °C extensive coarsening and coalescence is 

apparent. Cu6Sn5 grains in the middle part of the IMC layer are elongated (Fig. 

5.3.4 (b)). Cu3Sn layer is very thin and especially at 150 °C Cu3Sn grains are very fine 

– grain size ranges between 200 – 400 nm. Cu3Sn grain size in samples aged at 170 °C 

is three times bigger than in those aged at 150 °C. Note the higher magnification in 

Fig. 5.3.3 (c) and Fig. 5.3.4 (c). 

 

 

(a) Phase map 

 

(b) IPF map, Cu6Sn5 phase only 

 

(c) IPF map, Cu3Sn phase only 

Fig. 5.3.4 SCN solder aged at 170 °C for 24 days. 

 

Crystal orientation data from IPF maps presented in this section were used for 

the determination of pole figures (PF) with the aim to obtain information about the 

texture. Coarser scans from several larger areas were performed to confirm local data 

and to eliminate possible incorrections given by local disturbances. Pole figures of 

(0001) direction below are in same orientation as IPF maps - i.e. the maximas on the 

top and on the bottom of the PF means near perpendicular crystal c-axis orientation 

with respect to the Cu substrate.  
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(a) Cu6Sn5 - 150 °C 24 days (b) Cu6Sn5 - 170 °C 24 days 

  

(c) Cu3Sn - 150 °C 24 days (d) Cu3Sn - 170 °C 24 days 

Fig. 5.3.5 Pole figures of IMC layers in SC solder. 

 

 

  

(a) Cu6Sn5 - 150 °C 24 days (b) Cu6Sn5 - 170 °C 24 days 

  

(c) Cu3Sn - 150 °C 24 days (d) Cu3Sn - 170 °C 24 days 

Fig. 5.3.6 Pole figures of IMC layers in SCN solder. 
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In Fig. 5.3.5 PFs of IMC layers in SC solder are shown. It is apparent, that crys-

tallites of Cu6Sn5 phase are very strongly preferentially oriented with c-axis perpen-

dicular to the Cu substrate in specimens aged at both temperatures (Fig. 5.3.5. (a) and 

(b)). Only weak but obvious texture with the same c-axis direction was observed for 

Cu3Sn phase (Fig. 5.3.5 (c) and (d)). 

The texture of Cu6Sn5 phase in Ni containing alloys is much weaker as compared 

to solders without Ni. At the sample aged at 150 °C the texture maximum with c-axis 

inclined by roughly 45° with respect to the Cu substrate was observed (Fig. 5.3.6 (a)). 

After ageing at 170 °C no obvious preferred direction was observed (Fig. 5.3.6 (b)). 

The Cu3Sn phase aged at both temperatures showed did not exhibit any preferred ori-

entation (Fig. 5.3.6 (c) and (d)). 

5.4 Mechanical properties 

The effect of different heat treatment conditions (ageing at elevated tempera-

tures) on the deformation behavior of the solder joints is presented in this chapter. Five 

solder alloys – Sn-Cu (SC), Sn-Cu-P (SCP), Sn-Cu-Ni (SCN), Sn-Cu-Ni-P (SCNP) 

and Sn-Pb (SnPb) – were investigated. The chemical composition of the alloys is listed 

in Table A.1 (in wt.%) and Table A.2 (in at.%). The tensile specimens were annealed 

in a furnace at 120 °C for 3 and 9 days and at 150 °C for 3 days. The furnace temper-

ature during annealing was kept within ± 1 °C.  

5.4.1 Tensile tests 

Due to very specific tensile sample geometry (see section 3.2.1, Fig. 3.1.2), in-

homogeneous deformation occurs from the very beginning of the tensile tests. The 

tensile strength of the copper substrate is much higher than that of the solder. Therefore 

only the 0.5 mm thick layer of the solder is deformed. The cross-section of the Cu 

substrate at the interface between Cu and the IMC layer remains constant, while neck-

ing occurs in the solder. The computation of the true stress and the true strain of such 

a complex system would be very complicated. Moreover, the failure occurs on the 

IMC/solder interface although the stress in this region is not the highest (see section 
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5.6.3). Due to these reasons, only the engineering values of stress and strain were eval-

uated.  

Deformation properties of solder joints are extremely sensitive to all parameters 

of the preparation procedure. For example, the influence of the cooling rate on the 

deformation behaviour of SCN solder joints is shown in Fig. 5.4.1. The maximum UTS 

was obtained for water quenched samples, i.e. for the highest cooling rate. On the other 

hand, samples which were cooled slowly in heat insulation glass wool exhibited the 

minimum value of UTS. In order to attain the best possible reproducibility, all param-

eters of solder joint preparation and tensile testing were controlled very carefully.  

Fig. 5.4.2 (a) shows engineering stress versus engineering strain curves for SC 

solder joints in the as-soldered condition and after annealing at different conditions 

tested in tension at room temperature. For the sake of clarity, the representative stress-

strain curves are shown in Fig. 5.4.2 (b). The stress dependence on the strain hardening 

rate, dσ/dε, is plotted in Fig. 5.4.2 (c). The failure of solder joints occurred after the 

UTS was reached. The failure of as-soldered samples (red curves) occurred rapidly 

without further plastic deformation, whereas the failure of annealed samples was more 

complex accompanied by enhanced plastic deformation occurred. Note that a large 

scatter can be observed in samples annealed at 150 °C for 3 days (green curves). It is 

 

 

Fig. 5.4.1 Cooling rate dependence of stress-strain curves for SCN solder joints. 
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obvious that annealing has a significant impact on the strength (the maximum stress) 

of the SC solder joints. This is better seen in the plot of the strain hardening rate vs. 

the stress, Fig. 5.4.2 (c). 

 

 

(a) Stress-strain curves of all tested samples 

 

(b) Representative stress-strain curves 
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(c) Stress dependence of strain hardening rate 

Fig. 5.4.2 Tensile tests of SC solder joints. 

 

Representative stress-strain curves for SCP solder joints in the as-soldered con-

dition and after annealing at 120 °C for 3 and 9 days are shown in Fig. 5.4.3. The effect 

of the annealing time is again evident.  

 

 

Fig. 5.4.3 Selected stress-strain curves of SCP solder joints. 
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The addition of Ni to the Sn-Cu based solders influences not only the strength 

but also the deformation behavior of solder joints. Stress-strain curves for several spec-

imens of SCN and SCNP solder joints are shown in Fig. 5.4.4 (a) and Fig. 5.4.5 (a), 

respectively. Fig. 5.4.4 (b) (Fig. 5.4.5 (b)) shows the representative stress-strain curves 

for SCN (SCNP) solder joints. It can be seen that the stress-strain curves of the SCNP  

 

 

(a) Stress-strain curves of all tested samples 

 

(b) Representative stress-strain curves 

Fig. 5.4.4 Tensile tests of SCN solder joints. 
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solder joints are well reproducible much better than the curves obtained for the SCN 

solder joints. The UTS values of the SCN and especially the SCNP solder joints are 

apparently higher as compared to SC solder joints. With annealing time the maximum 

stress decreases. 

 

 

(a) Stress-strain curves of all tested samples 

 

(b) Representative stress-strain curves 

Fig. 5.4.5 Tensile tests of SCNP solder joints. 
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SnPb solder joints exhibit the best reproducibility of the stress-strain curves for 

specimens prepared for all annealing conditions (Fig. 5.4.6 (a) and (b)). SnPb solder 

joints exhibit the highest strength among the solder joints examined in this work under 

the given annealing conditions. In other words, SnPb solder joints exhibit the best me-

chanical properties than all lead-free solder joints.  

 

 

(a) Stress-strain curves of all tested samples 

 

(b) Representative stress-strain curves 

Fig. 5.4.6 Tensile tests of SnPb solder joints. 
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Fig. 5.4.7-9 show an overview of the influence of the annealing conditions on 

the mechanical properties of individual solder joints.  

The highest value of the maximum stress was found for SCNP followed by SnPb 

and SCN solder joints (Fig. 5.4.7).  Similar behavior of the maximum stress (UTS) 

values was also observed for solder joints annealed at 120 °C for 3 days (Fig. 5.4.8) 

 

 

Fig. 5.4.7 Representative stress-strain curves of all alloys after soldering. 

 

 

Fig. 5.4.8 Representative stress-strain curves of all alloys after ageing at 120 °C 3 

for days. 



81 

 

and 9 days (Fig. 5.4.9). Note that the UTS values of SCP and SC solder joints annealed 

at 120 °C for 9 days are lower than those annealed at 120 °C for 3 days. Annealing at 

120 °C for 3 days has little influence on the UTS values in comparison with the values 

obtained for samples deformed in the as-soldered condition. Annealing at 150 °C for 

3 days results in a decrease in the strength of solder joints, even in SnPb joints as 

shown in Fig. 5.4.10. 

 

Fig. 5.4.9 Representative stress-strain curves of all alloys aged at 120 °C for 9 

days. 

 

 

Fig. 5.4.10 Representative stress-strain curves of alloys aged at 150 °C for 3 days. 
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Fig. 5.4.11 shows the stress dependence of the strain hardening rate of solder 

joints of all investigated alloys in the as-soldered condition – strain hardening rate 

increases from the beginning of tensile test in all alloys. The effect of annealing at 

120 °C for 9 days on the stress dependence of the strain hardening rate can be seen 

 

 

Fig. 5.4.11 Stress dependence of the strain hardening rate of all alloys in the as-

soldered state. 

 

 

Fig. 5.4.12 Stress dependence of the strain hardening rate of all alloys after 9 days 

ageing at 120 °C. 
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in Fig. 5.4.12. The annealing effect is evident. The irregular character at the beginning 

of the deformation curves were reproducible in individual alloys. Similar character of 

these irregularities was detected in both SC and SCP alloys, observed as rapid changes 

of strain hardening rate (sharp increase at the beginning is followed by an abrupt drop 

and monotonous increase of strain hardening rate as the deformation continues; red 

and green curve in Fig. 5.4.12). A quite different behavior was found in the Ni con-

taining alloys (blue and brown curves) and the SnPb solder (yellow curve) at the be-

ginning of deformation (manifested as an apparent plateau in theta). 

Fig. 5.4.13 shows an overview of the values of the tensile strength (UTS) for the 

studied solder joints before and after annealing. From this plot it can be concluded 

that: 

 The highest UTS and simultaneously the best reproducibility was observed for 

SCNP alloy in as-soldered state. 

 Addition of Ni increases the UTS at all conditions. 

 SnPb alloy is the least sensitive for ageing. (It should be noted, that melting tem-

perature of SnPb is much lower than that of other alloys, i. e. - the aging occurs 

at much higher homological temperatures). The UTS of other alloys decreases 

with increasing time and temperature of ageing. 

 

Fig. 5.4.13 UTS of solder joints. 
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5.4.2 Fracture analysis 

In the following discussion, the fracture strength, or rather the failure stress will 

be considered to be equal to the maximum stress. It is not straightforward to estimate 

the elongation to fracture in our experiments due to the deformation behavior of the 

solder joints, which was mentioned in the previous section. The elongation to failure 

is defined as the strain between the values corresponding to the stress of 2 MPa (needed 

for stabilization of the deformation machine) and to the maximum stress.  For simplic-

ity, let us consider, that the instability of the deformation begins after the UTS is 

reached. In order to discuss the failure modes let us define the strain after UTS as the 

difference of the strain at the UTS and the strain corresponding to the drop of stress to 

50% of the UTS during subsequent deformation. The definition of these two parame-

ters (elongation to failure and strain after UTS) is depicted in Fig. 5.4.14.   

 

 

Fig. 5.4.14 Definition of elongation to failure and strain after UTS. 

 

The heat treatment affects significantly the interface between the IMC layer and 

the solder. The difference in the interface behavior subjected to the same annealing 

conditions may result in a scatter in the stress-strain curves and therefore, scatter in 

strength is also observed. It can be expected that cracks initiate at the interface between 

the IMC layer and the solder due to a large stress concentration arising from the ther-

mal stresses.  
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In the as-soldered state, the highest elongation to failure was observed for SCN 

solder joints (see Fig. 5.4.15 (a)). Note also the considerably higher elongation after 9 

days ageing at 120 °C.  

 

 

(a) Elongation to failure 

 

 

(b) Strain after UTS 

Fig. 5.4.15 Elongation of solder joints. 

 



86 

 

The highest elongation after UTS in the as-soldered state was observed in the 

SCN alloy (see Fig. 5.4.15 (b)). After ageing, the highest strain after UTS was ob-

served for the SCNP alloy. With the exception of SnPb, all alloys exhibited a consid-

erably higher elongation after UTS after ageing at 150 °C.  

Microscopic observation of fracture surfaces revealed that crack initiation occurs 

always on the edge of the sample at the interface between the IMC layer and the solder. 

The crack propagates either along this interface resulting in typical ductile (dimple) 

fracture morphology (Fig. 5.4.16 (a)) leaving the IMC layer visible in the center of the 

dimples (Fig. 5.4.16 (b)) or through the layer of the solder (Fig. 5.4.16 (c)) exhibiting 

largely deformed ductile morphology.  

 

  

(a) Dimple fracture along IMC/solder 

interface 

(b) Detail of dimples with IMC in the 

center 

 

(c) Ductile fracture in the solder 

Fig. 5.4.16 Two types of observed fracture surfaces. 
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5.5 Electrical properties 

The evolution of the electrical resistance during ageing at elevated temperatures 

was examined in samples containing multiple solder joints described in detail in sec-

tion 3.1.2. The electrical resistance of the sample can be measured with a great accu-

racy. In order to be able to compare several samples prepared with different alloys, the 

shape factor (specimen dimensions) has to be eliminated. However, in our investiga-

tion, it is impossible to determine the shape factor accurately enough. Due to this fact, 

the normalized residual resistivity ratio was evaluated instead of the electrical re-

sistance. Residual resistivity ratio (𝑅𝑅𝑅) is defined as a ratio between the electrical 

resistance at room temperature 𝑅𝑅𝑇 and the resistance at 0 K; in our study due to tech-

nical difficulties [81] substituted by resistance measured at the liquid nitrogen temper-

ature 77 K (-196 °C) 𝑅𝐿𝑁. 𝑅𝑅𝑇 was measured in a well thermally stabilized bath of the 

pure ethanol. The temperature of ethanol was controlled using a thermocouple at 20.0 

± 0.1 °C. At low temperature the contribution of phonon scattering to sample electrical 

resistance is suppressed (see Matthiessen’s rule, equation (3.5) in section 3.2.3). As a 

consequence, 𝑅𝑅𝑅 strongly depends on the amount of impurities or other lattice de-

fects. Residual resistivity ratio provides a rough measure of the purity and overall qual-

ity of the sample. Since the resistivity generally increases as the concentration of 

defects increases, a large 𝑅𝑅𝑅 is associated with a pure sample [82]. The normalized 

residual resistivity ratio (in fact the evolution of 𝑅𝑅𝑅 during ageing) defined as a ratio 

of 𝑅𝑅𝑅 of an aged sample and the initial 𝑅𝑅𝑅0 of the same sample in as-soldered con-

dition proved to be reproducible. Moreover, this ratio is a very sensitive measure of 

the electrical resistance evolution, allowing a direct comparison of the behavior of 

studied samples without the need to determine their shape factors. As reference a re-

sistance of solid Cu sample of the same dimensions was measured. 𝑅𝑅𝑅 of Cu sample 

did not change during annealing which allowed us to conclude that all determined re-

sistance changes can be ascribed to changes related to solder and IMC layers. 

The dependence of 𝑅𝑅𝑅/𝑅𝑅𝑅0 on ageing time and temperature is shown in Fig. 

5.5.1. For both studied temperatures (120 and 150 °C), two samples of each alloy were 

investigated. In some cases the reproducibility of the measurement was so high, that 

the both curves for a given sample pair overlap almost perfectly. After the first ageing  
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(a) Ageing at 120 °C 

 

(b) Ageing at 150 °C 

Fig. 5.5.1 RRR evolution in solder joints of studied alloys. 
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cycle, 𝑅𝑅𝑅 of SC and SCP alloys significantly increases, 𝑅𝑅𝑅 of SCN and SCNP re-

mains almost constant and 𝑅𝑅𝑅 of SnPb solder decrease by 13% and 19% at 120 and 

150 °C, respectively.  During subsequent ageing at both temperatures 𝑅𝑅𝑅 of alloys 

without Ni increases, while 𝑅𝑅𝑅 of SCN alloy decreases. 

5.6 Discussion 

Evolution of intermetallic layers at elevated temperatures is critical for the long-

term reliability of the solder joints. The continuous miniaturization of high-powered 

electrical and electronic components may lead to their heating to considerably high 

temperature. The consequent excessive growth of the IMC layers may result in me-

chanical or electrical failure of the solder joints.  

Simulated solder joints were subjected to ageing at 150 and 170 °C in order to 

study the evolution of the morphology of the IMC layers. Higher temperatures were 

used to accelerate phase transformations, which would otherwise require extremely 

high ageing times to result in the same effect. Ageing at 120 and 150 °C was employed 

to examine the influence of elevated temperatures on mechanical and electrical prop-

erties of solder joints. Degradation of mechanical and electrical properties of solder 

joints at higher temperatures would be too detrimental after very short ageing times or 

even after heating to desired temperature and immediate cooling (especially for refer-

ence SnPb alloy with lower melting point). Therefore lower ageing temperatures were 

selected for investigation of ageing on mechanical properties. 

5.6.1 Morphology of IMC layers 

Coarsening of IMC layers of solders without Ni during annealing at elevated 

temperatures leads to similar morphology as that observed in part 4.2.1 after reaction 

in liquid solder. Grains of Cu6Sn5 phase coalesced and formed a single-grain thick 

layer. However, the principal difference in the mechanism of IMC formation in liquid 

and solid solder was found. In the liquid solder the liquid channels form between 

Cu6Sn5 grains enhancing the diffusion of dissolved Cu atoms from the substrate to the 

solder, while during the solid state reaction (i.e. annealing), grains of Cu6Sn5 grow 

close to each other – cf. Fig. 4.4.4 and Fig. 5.3.2.  
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The layer of Cu3Sn phase developed quickly during ageing. After short ageing 

times it consist of fine equiaxed grains which nucleated in several layers. After long 

ageing times elongated columnar grains were observed close to the interface between 

Cu3Sn and Cu6Sn5 phase layers (see Fig. 5.3.1 (c) and Fig. 5.3.2 (c)). It can be con-

cluded, that thickening of the Cu3Sn phase layer in later stages of ageing was caused 

by the growth of these columnar grains and while nucleation of new grains was sup-

pressed. During ageing no signs Cu3Sn grain of coalescence of were observed.  

After a long time reaction with a liquid solder as well as after ageing, a strong 

texture was observed in the coarse-grained Cu6Sn5 phase with the c-axis of Cu6Sn5 

crystallites perpendicular to the Cu substrate. Only a weak texture was observed for 

the fine-grained layer of Cu3Sn phase in aged samples. Pole figures in Fig. 5.3.5 (c) 

and (d) shows minima for the c-axis of Cu3Sn crystallites parallel to the Cu substrate.  

The Ni containing alloys exhibited a different morphology of the IMC layers. 

The initial double phase layer formed after soldering consisted of (Cu,Ni)6Sn5 phase 

and solder islands. During ageing, the solder regions gradually transformed to 

(Cu,Ni)6Sn5 intermetallic, the transformation interface moved from the Cu substrate 

towards the solder (see Fig. 5.1.2). When all entrapped solder islands transform to the 

IMC, the layer starts to thicken. EBSD scans showed that with increasing ageing time 

and/or temperature, (Cu,Ni)6Sn5 grains in the middle part of the layer coalesce and 

coarsen, while grains in the top and bottom part remain almost unchanged or coarsen 

much more slowly. In order to prove that additional volume of the intermetallic grows 

in the middle of the layer and that no further nucleation occurs, EDS mapping was 

performed. Parts of IMC layers formed in SCN alloy after 24 days of ageing at 150 °C 

and 170 °C are shown in Fig. 5.6.1 and Fig. 5.6.2, respectively. Panels (a) show SE 

images of the studied area. Panels (b) and (c) show individual grains and phases as 

acquired by EBSD. Finally, panels (d), (e) and (f) show EDS maps of the very same 

area with indicated grain (blue lines) and phase (red lines) boundaries. In the Ni con-

centration map (panels (e)), a gap with much lower (zero) Ni content is apparent. The 

initial Ni concentration in the IMC layers after soldering is homogenous and increases 

from substrate to solder (see Fig. 4.2.7). After ageing, the structure and chemical com-

position of the original parts of grains remains almost unchanged. The highest local Ni 

concentration in aged samples reached 10 at. %. The same concentration was observed 

in samples after reaction in molten solder, which proves that almost no Ni dissolution  
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(c) Phase map 

 

(f) Cu concentration map 

Fig. 5.6.1 SCN alloy aged at 150 °C for 24 days. 
 

(b) IPF map and grain and phase boundaries 

 

(e) Ni concentration map 

 

(a) SE micrograph 

 

(d) EDS and SE overlay 
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(c) Phase map 

 

(f) Ni concentration map 

Fig. 5.6.2 SCN alloy aged at 170 °C for 24 days. 
 

(b) IPF map and grain and phase boundaries 

 

(e) Ni concentration map 

 

(a) SE micrograph 

 

(d) EDS and SE overlay 
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or homogenization of its concentration occurs. Due to the transformation and for-

mation of the new part of the IMC layer occurs in the middle of the original Cu6Sn5 

phase layer it may be assumed, that both diffusion coefficient of Cu in Cu6Sn5 and Sn 

in Cu6Sn5 are similar. This is consistent with the theoretical prediction postulated by 

Chao et al. in [83]. 

During reaction with a liquid solder, the Ni addition suppresses very effectively 

the Cu3Sn phase formation. After ageing, a thin layer of the Cu3Sn phase with very 

fine grains was formed. Apparently, the transformation of Ni containing Cu6Sn5 phase 

to Cu3Sn is unfavorable. In Fig. 5.6.2 (c), Cu6Sn5 grains entrapped in Cu3Sn layer can 

be seen. Ni concentration map in Fig. 5.6.2 (e) indicate unambiguously that these 

grains clearly contain a large amount of Ni and thus, they do not transform. Cu3Sn 

grains which were formed far from the Cu substrate from newly grown Cu6Sn5 region 

are considerably larger. Most likely, they appear only in later stages of ageing and may 

explain the change in the Cu3Sn layer growth rate observed at 170 °C, see Fig. 5.6.2. 

This effect will be discussed in detail later.  

Crystallographic textures observed in aged samples prepared with the Ni con-

taining alloys were considerably weaker than those observed in samples prepared with 

the solders without Ni. No distinct texture was observed in Cu3Sn layers. The c-axis 

of Cu6Sn5 grains in samples aged at 150 °C was preferentially inclined by roughly 45° 

with respect to the Cu substrate normal, Fig. 5.3.6 (a). 

5.6.2 IMC growth kinetics analysis  

The growth kinetics of the IMC layers prepared with all three alloys without Ni 

(SC, SCP, and SnPb) were very similar. Since only two ageing temperatures were used 

in the study of the growth kinetics, the kinetics parameters (in particular the activation 

energy) could not be calculated with a satisfying reliability. The time coefficient n 

derived from our data is very similar for the total thickness of the IMC layer and for 

both of its components. In all cases, the value of n was smaller than 0.5 which indicat-

ing a diffusion controlled reaction. The average value of n in alloys without Ni was 

0.4. In the literature this fact is often neglected.  Authors often use an approximation 

and n is considered to be 0.5 satisfying a simple growth model [84]: 
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 �̅� = 𝑑0 + √𝐾𝑡, (5.1) 

where 𝑑0 is the initial thickness. The growth coefficient 𝐾 is related to the diffusion 

coefficient of the diffusing atomic species determining the growth of IMC layers. As 

in equation (4.1), the coefficient 𝐾 can be written as: 

 𝐾 = 𝑘 exp (
−𝑄

𝑅𝑇
), (5.2) 

where 𝑄 is the activation energy for the IMC layer growth. In this notation, 𝑄 = 2𝑄𝑍 

(𝑄𝑍 is effective activation energy defined in section 4.3). It can be shown that the value 

of the activation energy is nearly independent of n (i.e. if the generalized equation (4.1) 

is used and n is fitted or if the simpler case expressed by equation (5.1) is employed). 

On the other hand, 𝐾 depends strongly on n. A comparison of our results with available 

literature data [85-89] is shown in Arrhenius plot in Fig. 5.6.3. The values of 𝑄 for 

Cu6Sn5 layer in literature range from 65 to 125 kJ/mol. As concluded by Peng et al. 

[90] and confirmed by our results, the activation energy does not depend significantly 

on the particular solder, but it depends on the type of Cu substrate. Different behavior  

 

 

Fig. 5.6.3 Growth kinetics during ageing. Full and empty symbols denote the total 

thickness of IMC layer and the thickness of Cu6Sn5 phase layer, respectively. 
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was observed for the same soldering alloys and different type of substrate – for exam-

ple Cu rolled sheet [88, 91], electroplated Cu on PCB [85], or even after reaction with 

Cu single crystals studied in [92, 93].   

During initial stages of ageing of Ni containing alloys, solder islands trans-

formed to IMC. This transformation did not change the total thickness of the IMC 

layer, which influenced (lowered) the measured n parameter of Cu6Sn5 phase. Trans-

formation of Cu6Sn5 phase into Cu3Sn is hindered by Ni content. After long-term age-

ing at 170 °C, a rapid increase of Cu3Sn growth rate was observed (see Fig. 5.2.1 (b)). 

Using EDS mapping (Fig. 5.6.2) it was shown that newly developed Cu6Sn5 phase in 

alloys without Ni transformed into Cu3Sn, whose grains increased in size. This trans-

formation contributed to the increase in the growth rate of Cu3Sn. 

5.6.3 Mechanical properties 

In order to explain the mechanical and electrical behavior of a solder joint, one 

should consider that it is a multicomponent system which is composed of a Cu sub-

strate, a solder alloy and one or more IMC layers. It should be mentioned that mechan-

ical, electrical and thermal (thermal conductivity, thermal expansion) properties of 

each component are different. Due to this fact, it is difficult to explain the mechanical 

properties and electric resistivity of the solder joint. Similarly, the effect of the heat 

treatment on the deformation behavior of solder joints is not straightforward. Let us 

discuss several (qualitatives) aspects of results of tensile tests. 

Note that the isothermal annealing results not only in an increase of the IMC 

layer thickness but also in coarsening of the microstructure of the solder layer which 

has effect on changes of mechanical properties. The microstructure coarsening of the 

SC and SCN solders is shown in Fig. 5.6.4 and Fig. 5.6.5, respectively. In the as-sol-

dered condition, the solder layer in SC contains fine homogenously dispersed particles 

of Cu6Sn5 phase. Most often, two grains with the length of several millimetres are 

formed across the Sn layer thickness, each nucleating and growing from either side of 

the 0.5 mm thick groove during solidification. Both of these grains consist of columnar 

subgrains visible in Fig. 5.6.4 (a) and (b). During annealing, Cu6Sn5 particles coarsen 

and form chains along Sn subgrain boundaries with large free areas in between, see 

Fig. 5.6.4 (d) and (f).  
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(a) Alloy SC, as-soldered, IPF (b) Alloy SC, 150 °C, 24 days, IPF 

  

(c) Alloy SC, as-soldered, LM (d) Alloy SC, 150 °C, 24 days, LM 

  

(e) Alloy SC, as-soldered, LM (f) Alloy SC, 150 °C, 24 days, LM 

Fig. 5.6.4 The structure of the solder layer of samples prepared in SC alloy. 

 

  

(a) Alloy SCN, as-soldered, IPF (b) Alloy SCN, 150 °C, 24 days, IPF 

  

(c) Alloy SCN, as-soldered, LM (d) Alloy SCN, 150 °C, 24 days, LM 

  

(e) Alloy SCN, as-soldered, LM (f) Alloy SCN, 150 °C, 24 days, LM 

Fig. 5.6.5 The structure of the solder layer of samples prepared in SCN alloy. 



97 

 

The microstructure of SCN alloy in the as-soldered condition consists of fine 

eutectic mixture of Sn and Cu6Sn5 phase. Most often, only a single Sn grain across the 

whole layer thickness is formed in solder joints prepared in SCN alloy, see Fig. 5.6.5 

(a) and (b). During annealing, the microstructure coarsens but much less than in the 

SC alloy. Coarse Cu6Sn5 particles and free areas between them are smaller, see Fig. 

5.6.5 (d) and (f).  

Analogous to composites, we assume that the increase in the density of the newly 

created dislocations may be expressed as [94]: 

 ∆𝜌𝐷 = 𝑓(𝑉𝑓)
∆𝛼∆𝑇

𝑏𝑑
, (5.3)  

where 𝑓(𝑉𝑓) is a function of the volume fraction of the Cu6Sn5 grains, ∆𝛼 is the abso-

lute value of the difference of the thermal expansion coefficient of the solder and the 

IMC layer, ∆𝑇 is the temperature change, 𝑏 is the magnitude of the Burgers vector of 

dislocations and 𝑑 is the mean size of Cu6Sn5 particles in the solder layer. Cu atoms 

from over-saturated solid solution form only negligible amount of Cu6Sn5 phase and 

Cu from substrate is most probably consumed only for interfacial IMC layers for-

mation. There is no other source of Cu and therefore we assume, that the volume frac-

tion of in Sn during annealing is constant in both SC and SCN. Therefore ∆𝜌𝐷 

decreases during ageing. 

We may consider that the plastic deformation of a solder joint is determined by 

the dislocation glide and that the stress necessary for deformation (flow stress) depends 

on the dislocation density 𝜌𝐷 as [82]: 

 𝜎𝐷 = 𝛼1𝐺𝑏√𝜌𝐷 , (5.4) 

where, 𝛼1 is a constant and 𝐺 is the shear modulus of the solder. The dislocation den-

sity increases during plastic deformation. The dislocation motion is controlled by dis-

location-dislocation interaction, and the free path of dislocations depends on obstacles. 

The mechanical properties (e.g.  UTS strength) of microscale solder joints and a bulk 

solder cannot be easily compared. The ultimate tensile strength of a solder joint de-

pends on its dimensions. For instance, the influence of size and volume of the solder 

joints on their strength was reported by Yin et al. [95]. 
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Another contribution to solder joint strength can be attributed to particles of 

Cu6Sn5 phase. As it was described earlier, the solidified solder alloys contain Cu6Sn5 

particles which are formed during solidification. Arrangement and dimension of the 

particles changes after annealing as shown in Fig. 5.6.4 and Fig. 5.6.5. The Cu6Sn5 

particles act as obstacles for dislocation movement, as dislocations cannot cut these 

hard particles. Dislocations may only bypass the particles by the Orowan mechanism, 

leaving a dislocation loop around the particle. The interaction between moving dislo-

cations and particles is important for plastic deformation. Considering this interaction, 

the stress necessary for the dislocation motion can be, in a good approximation, ex-

pressed by the following equation [96]: 

 𝜎𝑃 = 𝐶
𝐺𝑏

𝐿 − 𝑑
ln (

𝑑

𝑟0
), (5.5) 

where C is a constant, L is the average spacing between particles, d is the average 

diameter of particles and r0 is inner cut-off radius of elastic strain field of dislocations, 

it is of the order of b. We have found (Fig. 5.6.4 and Fig. 5.6.5) that the average particle 

diameter after annealing is superior to that after solidification. The stress needed for 

dislocation motion should be therefore lower (see equation (5.5)) in aged specimen. 

Also the density of newly created dislocations is lower after ageing (equation (5.3)) 

and consequently 𝜎𝐷 is lower (see equation (5.4)). This is consistent with our experi-

mental results. The values of UTS after annealing are lower than those for specimens 

deformed under as-soldered conditions, see Fig. 5.4.13.  

The sum of the energy of point defects, dislocations and interfaces (also created 

during deformation) gives the energy stored in the specimen. During annealing, the 

stored energy, 𝐸𝑆, in the solder joint decreases. The rate of the decrease depends on 

annealing time, 𝑡, and annealing temperature, 𝑇, and can be expressed in the following 

relationship 

 
𝑑𝐸𝑆

𝑑𝑡
= −𝐾0𝐸𝑆 exp (

−𝑄𝐴

𝑅𝑇
) , (5.6) 

where 𝐾0 is a constant and 𝑄𝐴 is the apparent activation energy depending on the re-

covery process. In our case, we can assume that the stored energy is related to changes 

in microstructure and the dislocation density. As a consequence, annealing results in 
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the loss of the stored energy. We assume that the dominant (static) recovery processes 

include dislocation annihilation and Cu6Sn5 grain growth. It is worth to note that an-

nealing temperatures are 120 and 150 °C, i.e. 0.78 Tm and 0.84 Tm (Tm being the melt-

ing point of the Sn-Cu based solders), respectively. At these relatively high 

homologous temperatures dislocations can climb and finally annihilate. The defor-

mation behaviour of the solder joints depends on the evolution of dislocations with 

strain. The test temperature affects the dislocation behaviour. The room temperature 

corresponds to 0.58 Tm of investigated solders Sn-Cu based solders and even 0.66 Tm 

of SnPb alloy. In other words, the deformation of solder alloys at room temperature 

corresponds to high temperature deformation and accumulation (storage) of disloca-

tions and dynamic recovery are rate controlling processes. 

Large plastic deformation at the beginning of stress-strain curves of SC and SCP 

alloys after 9 days of annealing at 120 °C could be explained by motion of free dislo-

cations. After annealing, there are large dislocation-free areas with low dislocation 

density (Fig. 5.6.4 (f)) providing long mean free path of dislocations from unblocked 

sources. Small steps on stress-strain curves visible in insets in Fig. 5.6.6 could be ex-

plained by activation of new slip systems in grains with lower Schmid factor in bicrys-

tal-like structure of solder joints (see Fig. 5.6.4 (b)). In Ni containing alloys this form 

 

 

Fig. 5.6.6 Details of stress-strain curves of SC and SCP samples annealed at 

120 °C for 9 days. 
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of plastic deformation was not observed (see Fig. 5.4.9). Microstructure of these alloys 

after annealing consists of smaller homogenously dispersed particles (Fig. 5.6.5 (f)). 

The mean free path of dislocations is considerably lower in this structure, since dislo-

cations are blocked at much lower strain. The stress dependence of strain hardening of 

annealed samples in Fig. 5.4.12 clearly shows that two deformation mechanisms oc-

curred in all alloys. In the initial stages, the deformation is controlled by motion of free 

dislocations. With increasing strain, the strengthening occurs and dislocation glide is 

disrupted. It should be noted that in Fig. 5.6.4 and Fig. 5.6.5 the microstructure of 

samples aged at 150 °C for 24 days is presented and used as a sufficiently good ap-

proximation of microstructure of samples annealed at 120 °C for 9 days. 

Cooling of solder joints from the soldering temperature of 255 °C to room tem-

perature induces the strain (stress) in the solder joints. Thermal stresses are generated 

due to thermal mismatch between the individual components. The thermal stress, 𝜎𝑇𝑆, 

can be (in the first order approximation) expressed in the following form: 

 𝜎𝑇𝑆 = 𝑓(𝐶𝑖, 𝑟𝑖)∆𝛼∆𝑇, (5.7) 

where ∆𝛼 is the absolute value of the difference of the thermal expansion coefficient 

between the Cu substrate and the IMC layer, or between the solder and the IMC layer. 

∆𝑇 is the temperature change and 𝑓(𝐶𝑖, 𝑟𝑖) is a function of the elastic constants 𝐶𝑖 and 

geometrical parameters 𝑟𝑖. New dislocations can be created at interfaces between the 

individual components of the solder joint. Due to higher thermal expansion coefficient 

and lower yield strength of the solder [97], a higher density of newly created disloca-

tion is may be expected in the solder.  

Investigations of fracture surfaces show that crack initiation occurs always at the 

interface between IMC and Sn on the edge of the tensile sample. It was shown by Yin 

et al. [95] that not only thermal stress but also geometrically induced stress concentra-

tion occurs in this region.  

Only ductile fractures were observed in samples for ageing effects studies (i.e. 

samples with 0.5 mm Sn layer thickness). Typical stress-strain curves of samples with 

particular fracture modes together with SEM micrographs of corresponding fracture 

surfaces and schemes of fracture modes can be seen in Fig. 5.6.7. Cracks propagated 
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either along the IMC/Sn interface (red curve) or through the layer of Sn (blue curve). 

A mix of these two modes was also observed (green curve).  

High dislocation density and consequently higher thermal stresses at the 

IMC/solder interface may explain frequently observed crack propagation along this 

interface and dimple fracture morphology with IMC grains visible it the center of dim-

ples in as-soldered samples (see Fig. 5.4.16 (b)). After ageing thermal stresses are con-

siderably lower and cracks more often propagates through the solder layer. This also 

corresponds to deformation behavior after UTS. Very low elongation and rapid frac-

ture occurs after UTS when crack propagates along the IMC/solder interface. On the 

other hand, high plastic deformation and slow decrease of stress occurs when crack 

propagates through the solder. 

 

 

Fig. 5.6.7 Fracture modes in tensile samples. 
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5.6.4 Electrical properties 

Electrical resistance is a principal property of solder joints. However, a relatively 

low effort was made to study its dependence on soldering parameters and its evolution 

during ageing. In several studies, the electrical resistivity of bulk solders was investi-

gated – for example [98-100]. According to our knowledge, the only work attempting 

to study the electrical resistivity of solder joints was presented by Kang et. al [101]. 

The well-known information about the electrical properties of bulk solders cannot de-

scribe the effects occurring in real solder joints, similarly to mechanical properties. For 

example, the crucial effect of phase transformations on the solder/substrate interface 

obviously cannot be studied in bulk solders. Therefore, a unique sample design and 

evaluation procedure were developed in this work, enabling very sensitive and reliable 

investigation of electrical resistance of solder joints and its variation during ageing.  

As mentioned above, a solder joint can be considered to consists of several com-

ponents with different physical properties. The resistivity of pure Cu is 1.7 μΩ∙cm, the 

resistivity of solders is 12-14 μΩ∙cm and the resistivity of Cu3Sn and Cu6Sn5 IMC is 

8.93 μΩ∙cm and 17.50 μΩ∙cm, respectively [97]. During ageing, two significant com-

peting processes affecting the electrical resistance occur. Firstly, the formation of lay-

ers of both IMCs (and especially Cu6Sn5) on the expense of Sn and Cu increases the 

total resistance of solder joints. The second process is related to solder matrix. After 

soldering, the solder layer solidifies quite rapidly resulting in a nonequilibrium chem-

ical composition – Cu equilibrium content at soldering temperature is much higher 

than in the solid state. During ageing, Cu6Sn5 particles precipitate from the oversatu-

rated solution of Cu in Sn. The resistivity of solder significantly decreases with de-

creasing concentration of impurity Cu atoms in Sn matrix. 
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(a) At room temperature 

 

(b) In liquid nitrogen 

Fig. 5.6.8 Resistance evolution of selected samples annealed at 

150 °C. 
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The electrical resistance (see Fig. 5.6.8) as well as 𝑅𝑅𝑅 (see Fig. 5.5.1) of all 

alloys except those containing Ni significantly changes after the first ageing cycle. The 

initial change of the resistance at room temperature is several times larger than its 

change during long term ageing. The resistance at room temperature of both SC and 

SCP alloys decreased after the first ageing cycle by approximately 0.5 % and did not 

evolve further. The initial decrease of electrical resistance at liquid nitrogen tempera-

ture was approximately 2 %. During ageing, the resistance gradually decreased by up 

to 5 %. Lower value of resistance at liquid nitrogen temperature indicates a less defec-

tive crystal lattice of the solder joint (especially concentration of lattice defects in Sn 

layer decreases during ageing). The 𝑅𝑅𝑅 value increases with ageing time. The initial 

step change of 𝑅𝑅𝑅 may be ascribed to decomposition of oversaturated solid solution 

of Cu in Sn. Further increase of 𝑅𝑅𝑅 is probably caused by coarsening of the solder 

microstructure and decreasing concentration of lattice defects (dislocations, phase 

boundaries etc.) in the solder layer. This additional increase of 𝑅𝑅𝑅 apparently pre-

vails over that of IMC layers thickening.  

The electrical resistance of Ni containing alloys did not change after the first 

annealing cycle. This indicates that Ni addition resulted in a more equilibrium solidi-

fication of the solder alloy. The resistance at room temperature of samples prepared in 

SCN alloy was gradually increasing during ageing. The final resistance after ageing at 

150 °C was by 0.5 % higher than the initial resistance. Using a very simple model of 

series of planar layers with a given resistivity it was estimated, that the resistivity in-

crease caused solely by thickening of IMC layers is consistent with the measured 

value.  

The effect of P addition remains unclear. In both cases (as an addition to SC and 

SCN alloy) it resulted in an increase of 𝑅𝑅𝑅. The growth kinetics of IMC layers is 

very similar in alloys with and without P. Most likely, P additions further reduced the 

concentration of crystal defects or improved the soldering properties and higher quality 

solder joints were formed. 

The reason for the high initial step change of resistance (and 𝑅𝑅𝑅) in samples 

prepared in SnPb alloy also remains unclear. Most probably, this change is caused by 

microstructural changes in solder eutectic structure – such as coarsening and possible 

changes of chemical composition (impurity concentration) of the phases. 
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6 CONCLUSIONS 

As a consequence of enforced changes in industrial soldering techniques related 

to prohibition of use of classical SnPb solders, an extensive and complex investigation 

of novel lead-free solder alloys is necessary. The quality of solder joints is determined 

mainly by the morphology of the interfacial IMC layers. In the present work, we fo-

cused on the effect of chemical composition of Sn-Cu based lead-free solder alloys on 

interfacial reactions between the Cu substrate and the solder and on mechanical and 

electrical properties of simulated solder joints. Namely, the influence of Cu concen-

tration and minor additions of Ni, P and the combination Ni+P was investigated. The 

principal purpose of addition of both elements is the improvement of soldering prop-

erties, i.e. the wettability, the surface finish, dross removing, corrosion reduction, etc. 

However, the effect of the chemical composition on the microstructure and long term 

reliability of solder joints was not clarified yet. 

The principal conclusions drawn from our investigation may be divided in two 

main groups: 

 Properties of simulated solder joints after reaction of Cu substrate with molten 

solder: 

o It was shown that significant decrease of dissolution rate of Cu substrate 

occurs, when the Cu concentration in binary Sn-Cu or ternary Sn-Cu-Ni 

system is higher than the equilibrium one the soldering temperature. Ni 

addition decreased the solubility limit of Cu in Sn at the soldering temper-

ature. This fact allows to use the alloy with composition closer to eutectic 

and to keep the dissolution rate of Cu substrate low. 

o Minor addition of Ni (0.1 at.%) significantly changed the IMC layer mor-

phology. Typical scallop-type morphology of the IMC layers observed in 

alloys without Ni changed to double phase structure consisting of solder 

and (Cu,Ni)6Sn5 phase with high Ni concentration (exceeding 10 at.%). Ni 

addition also suppressed the formation of Cu3Sn phase, which was ob-

served in alloys without Ni. 

o Addition of P had only a minor effect on the growth kinetics of the IMC 

layers. 



106 

 

o Excessive growth of IMC at higher soldering temperatures and/or time had 

a detrimental effect on mechanical properties of simulated solder joints. 

 Properties of simulated solder joints after ageing at elevated temperatures: 

o Growth of the IMC layers was observed in all alloys at elevated tempera-

tures. Much thicker IMC layers developed in Ni containing alloys as com-

pared to alloys without Ni. During ageing, Ni significantly reduced the 

formation of Cu3Sn layer. Addition of P had no effect on the growth kinet-

ics of the IMC layers during ageing. 

o It was shown that the formation of Cu6Sn5 phase during thickening of IMC 

occurs in the middle of the IMC layer in Ni containing alloys. This is con-

sistent with theoretical prediction postulated in [83].  

o The tensile strength of the investigated solder joints decreased with in-

creasing annealing time and temperature. Higher strength was found in Ni 

containing alloys, and the highest strength was observed in the alloy con-

taining combined Ni+P addition in the as-soldered condition.  

o Tensile properties are influenced by the solder layer microstructure in the 

solder joints. In aged samples, large plastic deformation was observed in 

SC and SCP alloys, in which the solder layer microstructure consisted of 

relatively coarse Cu6Sn5 grains and large dislocation-free zones in be-

tween. Much lower plastic deformation occurred in samples of Ni contain-

ing alloys with a finer eutectic structure of the solder layer. 

o The residual resistivity ratio of SCN alloy decreased during ageing most 

probably due to formation of IMC layers with higher resistivity. RRR of 

both SC and SCP alloys increased. In these materials, the effect of the 

thickening of the IMC layers (which reduces RRR) is outweighed by trans-

formations occurring in the solder layer (coarsening of Cu6Sn5 particles 

and decomposition of oversaturated solid solution of Cu in the solder ma-

trix effectively increase RRR). 

The Ni addition proved to be effective in improving not only the soldering prop-

erties but also the reliability of the solder joints. Addition of P had only a minor effect 

on the growth of IMC layers and the solder joint reliability, but it improves the solder-

ing properties. Therefore, the addition of P to solder alloys may be considered to be 
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beneficial. Finally, it should be noted that the reference SnPb alloy shows the best 

reliability after ageing. Tensile properties of SnPb solder joints exhibited the best re-

peatability and were least sensitive to ageing. This means that further research and 

improvement of Sn-Cu based lead-free solder alloys is necessary. 
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APPENDIX 

 

Table A.1 Composition of studied alloys measured by atomic absorption 

spectroscopy – weight %. 

Solder Abbrev 
Element content wt.% 

Cu Ni Pb P Sn 

SnCu0.7 SC 0.75 <0.0005 0.011 0.008 99.23 

SnCu1.4 SC1 1.41 <0.0005 0.014 0.009 98.57 

SnCu3 SC3 3.41 <0.0005 0.0069 0.002 96.58 

SnCu0.7P SCP 0.83 <0.0005 0.0084 0.065 99.10 

SnCu0.7Ni SCN 0.57 0.054 0.018 0.009 99.35 

SnCu0.7Ni SCN+ 0.94 0.066 0.043 0.007 98.94 

SnCu0.7NiP SCNP 0.62 0.057 0.014 0.051 99.26 

SnCu0.7NiP SCNP+ 0.87 0.068 0.015 0.049 99.00 

SnPb SnPb 0.62 <0.0005 35.00 0.005 64.38 

       

 

 

 

Table A.2 Composition of studied alloys measured by atomic absorption 

spectroscopy – atomic %. 

Solder Abbrev 
Element content at.% 

Cu Ni Pb P Sn 

SnCu0.7 SC 1.39 <0.001 0.006 0.030 98.57 

SnCu1.4 SC1 2.60 <0.001 0.008 0.034 97.36 

SnCu3 SC3 6.19 <0.001 0.004 0.007 93.80 

SnCu0.7P SCP 1.54 <0.001 0.005 0.247 98.21 

SnCu0.7Ni SCN 1.06 0.109 0.010 0.034 98.79 

SnCu0.7Ni SCN+ 1.74 0.132 0.024 0.027 98.08 

SnCu0.7NiP SCNP 1.15 0.114 0.008 0.194 98.53 

SnCu0.7NiP SCNP+ 1.61 0.136 0.009 0.186 98.06 

SnPb SnPb 1.35 <0.001 23.40 0.022 75.20 
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(a) The dependence of ln d on ln t for IMC, alloy SC1 

 

(b) The dependence of ln d on t0.25 for IMC, alloy SC1 

 

(c) The dependence of ln C on 1/RT, alloy SC1 

 Fig. A.1 Growth kinetics of IMC in SC1 alloy. 
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(a) The dependence of ln d on ln t for IMC, alloy SC3 

 

(b) The dependence of ln d on t0.25 for IMC, alloy SC3 

 

(c) The dependence of ln C on 1/RT, alloy SC3 

Fig. A.2 Growth kinetics of IMC in SC3 alloy. 

 



120 

 

 

(a) The dependence of ln d on ln t for Cu3Sn phase, alloy SC3 

 

(b) The dependence of ln d on t0.25 for Cu3Sn phase, alloy SC3 

 

(c) The dependence of ln C on 1/RT, alloy SC3, Cu3Sn phase 

Fig. A.3 Growth kinetics of Cu3Sn phase in SC3 alloy. 

 



121 

 

 

(a) The dependence of ln d on ln t for Cu6Sn5 phase, alloy SC3 

 

(b) The dependence of ln d on t0.25 for Cu6Sn5 phase, alloy SC3 

 

(c) The dependence of ln C on 1/RT, alloy SC3, Cu6Sn5 phase 

Fig. A.4 Growth kinetics of Cu6Sn5 phase in SC3 alloy. 
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(a) The dependence of ln d on ln t for IMC, alloy SCN 

 

(b) The dependence of ln d on t0.25 for IMC, alloy SCN 

 

(c) The dependence of ln C on 1/RT, alloy SCN 

Fig. A.5 Growth kinetics of IMC in SCN alloy. 
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(a) The dependence of ln d on ln t for IMC, alloy SCNP 

 

(b) The dependence of ln d on t0.25 for IMC, alloy SCNP 

 

(c) The dependence of ln C on 1/RT, alloy SCNP 

Fig. A.6 Growth kinetics of IMC in SCNP alloy. 
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(a) The dependence of ln d on ln t for IMC, alloy SCNP+ 

 

(b) The dependence of ln d on t0.25 for IMC, alloy SCNP+ 

 

(c) The dependence of ln C on 1/RT, alloy SCNP+ 

Fig. A.7 Growth kinetics of IMC in SCNP+ alloy. 
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(a) The total IMC layer thickness 

 

(b) Cu3Sn layer thickness 

 

(c) Cu6Sn5 or (Cu,Ni)6Sn5 layer thicknesses 

Fig. A.8 IMC layer growth kinetics at 150 °C. 
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(a) The total IMC layer thickness 

 

(b) Cu3Sn layer thickness 

 

(c) Cu6Sn5 or (Cu,Ni)6Sn5 layer thickness 

Fig. A.9 IMC layer growth kinetics at 170 °C. 

 


