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ABSTRACT

This study examines the influence of separate and dual minor alloying additions

of indium (In) and ferrous/cobalt (Fe/Co) on the microstructure, thermal, and

mechanical properties of hypoeutectic Sn–7wt.% Zn lead-free solder alloy. The

results showed that the addition of In resulted in significant refinement in the

microstructure and formation of new intermetallic compounds (IMCs) such as

In–Sn phases which capable of extensively removing the unfavorable needle-

like a-Zn phase. However, the additions of Fe/Co resulted in the creation of

new coarsening flower-shaped IMCs identified as Zn–Co, Fe–Sn, and Co–Sn–Zn

distributed uniformly which may have a marked effect on the mechanical and

thermal properties of Sn–Zn solder alloy. Thermal analysis by a differential

scanning calorimeter indicates slightly reduction in the onset temperature,

melting temperature, and undercooling of the Sn–7wt.% Zn by the addition of

In, while the pasty range enlarged as compared to Fe/Co additions. The tensile

tests indicate that the Sn-Zn-In solder alloy exhibited a superior balance of

ultimate tensile strength, yield strength, Young’s modulus, and elongation of

51.5 MPa, 44.4 MPa, 22.2GPa, and 44.5%, respectively, which are better than

both those of the Sn–Zn and Sn–Zn–Fe/Co solder alloys. This can be attributed

to the synergistic strengthening mechanism of refinement in the microstructure

and precipitation of fine secondary particles.

1 Introduction

Lead-based alloys, such as Sn-Pb, have been tradi-

tionally employed in the assembly of microelectron-

ics due to their favorable characteristics, which

include low melting point (*183�C), strong

mechanical properties, ease of manufacture, and cost-

effectiveness. But concerns have escalated over the

use of lead in abundance due to its high toxicity,

which is harmful to the environment and humans

[1–3]. This challenging issue results in a widespread

effort to develop new lead-free Sn-based alloys with
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good mechanical properties. Sn–Zn alloys are con-

sidered as potential candidates for use in Pb-free

solders in electronics interconnections owing to their

low cost, lower melting temperature (198 �C), and

superior mechanical characteristics (strength and

plasticity) compared to other lead-free solders [4–7].

They have some undesirable properties such as poor

corrosion resistance, poor wettability, tendency to

oxidize, and micro-void formation owing to the high

activity of Zn element, which are significant reliabil-

ity issue for their industrial implementation [8–10].

There have been multiple efforts to improve the

wetting and oxidation properties of Sn-Zn alloys,

which have included the incorporation of various

elements, such as Ga, Nd, Ti, Al, Cr, In, Ni, Co, Fe,

and Bi, into the Sn-Zn alloy composition [11–13].

Chen et al. [8] doped 0.5 and 3wt.% of Ga in Sn-9Zn

alloys to improve the oxidation resistance and ensure

a better solderability and mechanical property. Hu

et al. [9] reported that doping traces of Nd with Sn–

9Zn alloys resulted in enrichment and precipitation

of Zn, which could significantly enhance the solder-

ability and mechanical characteristic of the solder

alloy. Chen et al. [10] showed that microalloying with

elements such as Ti, Cr, and Al causes a reduction in

the oxidation of Sn-9Zn solder. Mccormack et al.

noted that doping 5wt.% In with the Sn-9Zn fusible

alloys can reduce the melting point to * 175–188 �C
in addition to enhancing the wetting characteristics

[11]. Li et al.’s investigation reveals that both inter-

facial microstructure and shear strength of the Sn–

9Zn–Ni interconnections could be enhanced with 3

wt.% Co addition, since Co can impede the formation

of Ni5Zn21 and reacts with Zn in the composite sol-

ders. [12]. Previous studies indicated that there are

two factors that can enhance the Sn–Zn alloys family

characteristics are lowering the amount of Zn in the

alloy matrix and the additions of a third element. The

phase diagram of Sn-Zn reveals that the reduction of

Zn content close to the hypoeutectic Sn-6.5Zn will

preserve the melting point temperature at its level,

i.e., Sn-7Zn exhibits the same advantages of inducing

similar melting temperature of the Sn-9Zn solder

alloy [13]. Nevertheless, the hypoeutectic Sn-7Zn

delivers extremely sufficient wettability to Cu than

the eutectic Sn-9Zn, which gives it the advantage of

being utilized as a lead-free solder [13–15]. Indium is

recognized as a considerable effective element owing

to excellent thermal properties and wettability.

Therefore, the addition of the In is expected to

preserve the melting point at the same level and

increase the mechanical characteristics of the Sn-7Zn

system. While Fe is a inexpensive element, it is con-

sidered non-hazard materials, and under 200 �C, Fe
has a lower solubility in the b-Sn matrix. So, the

addition of Fe to the Sn-7Zn system is expected to

modify the wetting and mechanical behavior. How-

ever, as far as we know, there are no reports on the

influence of microalloying of small amount In and

Fe/Co on the microstructure and mechanical and

thermal properties of Sn-7 wt.%Zn alloy. The present

work aims to fill this gap by studying the impact of

these additions on the microstructural, thermal, and

mechanical characteristics of Sn-7Zn solder alloy.

2 Experimental techniques

The effects of 2.5 wt.% In and traces of Fe and Co (0.1

wt. % for each) on the characteristics of the hypoeu-

tectic Sn-7Zn alloy were investigated in this study.

Metal ingots of Sn (99.9%), Zn (99.99%), In, Fe, and

Co (99.99%) were used to prepare the investigated

binary, ternary, and quaternary alloys. The following

steps were followed to prepare the samples: (1) A

quartz tube of 25 mm in diameter and 80 mm in

height was used as a container of the alloy’s mixture

under an anti-oxidizing flux of KCl ? LiCl (1.3:1). (2)

The mixture was molten in an electrical furnace set

to * 700 �C for about an hour. (3) To ensure com-

plete alloy dissolution, mechanical stirring with a

graphite rod was performed. (4) The molten alloys

were poured into a steel mold and allowed to cool

naturally with cooling rate 6–8 �C/s, so as to con-

struct microstructures typically creates in small sol-

der joints in electronic industries. The alloy samples

were divided into two sections for our investigations:

one for the microstructural investigations, which had

a cylindrical shape of 1 9 10–2 m in diameter and

1 9 10-2 m m in height, and the other portion was

cold drawn to turn into wires for the mechanical

investigations. The morphological microstructure of

alloy samples was studied using field emission

scanning electron microscopy (Quanta FEG 250,

USA), while the undercooling values and eutectic

temperatures of the solders were defined using dif-

ferential scanning calorimetry (DSC) (Shimadzu-50

DSC-50, Japan) at temperatures ranging from 30 �C to

227 �C beneath the nitrogen environment, at heating

and cooling rates of 10 �C/min. To perform the
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tensile tests, the alloy samples were drawn into wires

with a marked standard length of 4 9 10-2 m and

diameter of 4 9 10-3 m [16]. Then, the investigations

were performed at strain rates from 10-3 to 10-5 s-1

and temperatures from 25 to 120 �C using the com-

puterized tensile testing machine system as illus-

trated earlier [17].

3 Results and discussion

3.1 X-Ray diffractometry analysis

Figure 1 displays the X-ray diffractometry (XRD)

patterns for the Sn-7Zn, Sn-7Zn-2.5In, and Sn-7Zn-

0.1Fe-0.1Co solder alloys. The XRD profiles of the Sn-

7Zn alloy (Fig. 1a) show the phases of the eutectic

structure, which primarily consist of several peaks

indicating b-Sn (a body-center tetragonal) phases in

addition to a secondary phase of hexagonal Zn IMC.

The Sn-Zn phase diagram displayed in Fig. 2a shows

that the low solubility of Zn in Sn of about 0.4 wt.% at

180 �C leads to the precipitation of the Zn phase as an

individual phase that impedes the formation of any

IMCs via the solidification process. In the case of

adding 2.5 wt. % indium to Sn–7Zn alloy (Fig. 1b),

XRD pattern showed the formation of c-InSn4 IMC as

new phase in addition to the originally formed b-Sn
and a-Zn phases. These results indicate that during

the melting process, In is efficaciously alloyed with

Sn, which is in agreement with the Sn–Zn–In ternary

phase diagram shown in Fig. 2b [18]. Similar data

were gained by Han et al. [19]. While, the XRD

analysis of the Fe/Co alloy, as shown in Figure 1c,

demonstrated the creation of the following inter-

metallic compounds (IMCs); a-Zn, b-Sn, a-Fe, c-
Zn21Co5, c-Co2Sn2Zn, and a-Fe0.92Sn0.08. As is

widely known, Zn has a negligible solid solubility in

Sn matrix. However, the addition of Fe/Co into the

Sn-7Zn has improved the solubility of Zn phase in the

Sn matrix. Similar data were acquired by Giefers and

Nicol [20] and Li et al. [21].

3.2 Solidification microstructure of Sn-7Zn
fusible alloy

As shown in Fig. 3a, the microstructure of Sn-7Zn

alloy contains two phases: (i) needle-like Zn-rich

intermetallic phases, represented as irregular of

misaligned Zn particles, and (ii) b-Sn phase in the

eutectic matrix. By adding 2.5 wt.% indium, a refined

microstructure is observed; notably, the Zn-rich

intermetallic was homogeneously distributed and a

small granular dark phase of InSn4 was formed, as

shown in Fig. 3b. The InSn4 intermetallic has a

strengthening mechanism which may act as new

Fig. 1 XRD analysis of as-solidified a Sn–7Zn, b Sn–7Zn-2.5In

and c Sn–7Zn0.1Fe-0.1Co solder alloys
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nucleation centers to refine the microstructure within

the matrix and thus enhance the mechanical charac-

teristics of Sn–Zn-based solder. However, the addi-

tion of 0.1%Fe and 0.1%Co to the Sn-7Zn alloy as

illustrated in Fig. 3c results in a finer a-Zn phase with

many coarse IMCs butterfly morphology which con-

tains a-Fe, c-Zn21Co5, c-Co2Sn2Zn, and a-Fe0.92Sn0.08.
precipitates. These results are consistent with the

XRD results. The SEM and its elemental mapping for

Sn-7Zn alloy indicate that the eutectic structure is

formed by Sn and Zn while the other part exists as a

dark, needle-like Zn-rich phase as shown in Fig. 4a–f.

On the other hand, the microstructure and EPMA

elemental mapping of the Sn-7Zn-2.5In alloy are

shown in Fig. 5a–f and reveal that Sn is uniformly

distributed in the alloy as small dots, Zn exists as

dark needle-like, and indium is distributed in bulk

with an obvious round shape. Figure 6a–f shows

SEM micrograph and its EPMA of the Sn–7Zn-0.1Fe-

0.1Co solder alloy. The results indicate that the

addition of a small amount of Fe/Co (0.1 wt.%) could

decrease the agglomeration of the Zn-rich phases in

solder alloy and lead to the aggregation of c-Zn21Co5,
c-Co2Sn2Zn, and a-Fe0.92Sn0.08 phases, and Sn is dis-

tributed uniformly in the matrix as a point shape.

However, from the SEM images shown in Figs. 4, 5,

and 6, it is also verified that the eutectic region con-

sists of a-Zn and b-Sn binary phases. Since the solder

alloys are often subjected to the nitric acid during

etching process, the Zn-rich areas are seen to form

dark needle-like grooves owing to the solubility of Zn

in nitric acid. Therefore, it is expected that EPMA

elemental mapping of Zn in Figs. 4, 5, and 6 not

appeared as a separate phase, but appeared as uni-

formly distributed in Sn matrix. We will discuss the

formation of these IMCs and their impact on the

structural and mechanical characteristics of Sn-0.7Zn

alloy. In the case of indium addition, it is uniformly

dissolved in the solder and participates to form the

InSn4 IMCs. Such dissolution may cause

notable modifications in the lattice parameters of Zn

and Sn and consequently rise in the solution’s

entropy [22]. The increases in the solution’s entropy

in turn reduce the interfacial energy of Zn liquid and

support constitutional undercooling to improve

inoculation [23], which is most potentially the cause

of the creation of finer and more uniform Zn-rich

precipitates by the addition of indium element. On

the other hand, it can be said that the presence of c-
InSn4 inhibits the formation of the coarsening of Zn-

rich precipitates by promoting the higher nucleation

density of solid phases during solidification [24]. The

coarse Zn-rich phase in Sn–Zn alloy is well recog-

nized to be averse to the mechanical dependability of

the joints due to the accumulation of additional

defects (e.g., dislocation) and thus increases

Fig. 2 a Binary Sn–Zn and b Sn–Zn–In ternary phase diagrams [7, 13]
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susceptibility to void production [25, 26]. According

to this point of view, the fine Zn phase in the Sn–Zn–

In alloy could be useful for its mechanical reliability.

It should also be predictable that fine and homoge-

neous distributed Zn-rich IMCs are helpful to the

enhancement of corrosion resistance of the solder

alloy. However, the addition of Fe and Co has robust

effect on both the solder microstructure and the for-

mation of new IMCs. The 0.1% Co-doped solder alloy

showed that the large needle-like a-Zn morphology

was remarkably suppressed and markedly changed

to fine needle-like Zn-rich phase. In addition, coarser

new type of butterfly morphology which contains c-
Zn21Co5 and c-Co2Sn2Zn precipitates was detected.

The finer needle-like a-Zn precipitate can reduce the

chance of propagation or crack formation, leading to

circumvention of the brittleness of the solder joint.

Therefore, the existence of fine needle-like a-Zn pre-

cipitate can be explained by the fact that Zn atoms of

the a-Zn phase is depleted from the matrix due to the

formation of c-Zn21Co5 and c-Co2Sn2Zn IMCs and

thus, the adverse effect of Zn is further reduced. The

0.1 wt.% Fe addition to the Sn-7Zn solder led to the

formation of large a-Fe0.92Sn0.08 IMC particles. These

large Fe-Sn IMCs particles are sparsely distributed in

the microstructure located in the eutectic regions

besides the c-Zn21Co5 and c-Co2Sn2Zn IMC particles.

It is well known that Fe has little solubility in the b-Sn
matrix (and vice versa) below 200 �C. Consequently,
most of the Fe precipitates as the Fe0.92Sn0.08 phase or

other form, such as pure a-Fe in the eutectic regions

[27]. However, in the present work, both the a-Fe and
Fe0.92Sn0.08 phases were identified. Thus, the forma-

tion of fine needle-like a-Zn precipitate and large c-
Zn21Co5, c-Co2Sn2Zn, Fe0.92Sn0.08 IMCs particles

during solidification is anticipated to the higher

ductility and hence the absence of micro-cracks in as-

solidified state of Fe/Co bearing Sn-7Zn alloys.

3.3 Thermal behavior

Maintaining higher electronic packaging quality

requires considering decisive factors such as under-

cooling process and the melting temperature of the

solder alloys. Therefore, DSC analysis was achieved

at 10 �C/min for the three solder alloys to provide

information about the effects of In, Co, and Fe

microalloying on the thermal characteristics of Sn-

7Zn solder, and the obtained data are presented in

Fig. 7 and recorded in Table 1. Results display the

existence of just one endothermal peak (Tm) arising at

200.4 �C, 196.1 �C, and 202.2 �C for Sn-7Zn, Sn-7Zn-

2.5In, and Sn-7Zn-0.1Fe-0.1Co alloys, respectively.

On the other hand, two exothermal peaks were

detected for the three samples at 194.7 and 200.9 �C

Fig. 3 Low magnification SEM image of a Sn-7Zn b Sn-7Zn-

2.5In and c Sn-7Zn-0.1Fe-0.1Co solder alloys
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for Sn-7Zn, 190.2, and 194.1 �C for Sn-7Zn-2.5In, and

194.6 and 199.1 �C for Sn-7Zn-0.1Fe-0.1Co, which

exhibit a decisive reliance of Tm on the type and the

quantity of addition. These results comply with that

noted by El-Daly et al. [16]. Also, In Fig. 7, the

intersection point method was employed to

determine the solidus (Ton) and liquidus (Tend) tem-

peratures of the examinedsolder alloys during the

heating process. The difference between the liquidus

temperature (Tend) and solidus temperature (Tonset)

during heating is known as the pasty range, which is

another assertive factor. The pasty range of eutectic

Fig. 4 High-magnification SEM microstructure of Sn–7Zn alloy and corresponding EPMA elemental mappings of Sn and Zn, showing

the microstructure of b-Sn and a-Zn
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Sn–Pb solder is typically around 11.5 �C. This is a

specific temperature range during the solidification

process where the material is in a semi-solid state,

neither fully solid nor fully liquid. Understanding

this specific value is important because it can affect

the quality of the final product, particularly in man-

ufacturing processes. The pasty range of eutectic Sn–

Pb solder is relatively high, and it is considered as

one of its disadvantages. It can lead to issues such as

hot tearing, fillet lifting, and porosity, especially

Fig. 5 High-magnification SEM microstructure of Sn–7Zn-2.5In alloy and corresponding EPMA elemental mappings of Sn, Zn and In,

showing the microstructure of b-Sn, a-Zn, and, c-InSn4

J Mater Sci: Mater Electron (2023) 34:599 Page 7 of 20 599
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when the alloy is used in microelectronics and high-

reliability applications [5, 28]. The narrow pasty

range means that the temperature during the solidi-

fication process needs to be controlled very precisely,

which can be difficult to achieve in a manufacturing

environment. It is also noted that the pasty range

value obtained in this study due to the addition of In,

Fe, and Co to Sn-7Zn solder alloy was lower than that

of the Sn–Pb eutectic alloy, which can help to solve

the aforementioned problems associated with a tin–

lead alloy. In general, the addition of these elements

can improve the thermal, mechanical, and

microstructural properties of the solder alloy, making

it more suitable for various manufacturing

applications.

The undercooling value is a crucial factor in the

solidification process. It can be calculated as the

difference between the onset temperatures in the

heating and cooling curve (DT = Tonset, heat-

ing - Tonset, cooling). Usually, the degree of under-

cooling is proportional to the amount of Sn in the

solder. The addition of small amounts of other

alloying elements to solders can lead to change

undercooling, as these elements can serve as addi-

tional nucleation sites and promote solidification

[29]. However, the unusual finding from DSC anal-

ysis of three alloys is the onset temperature during

cooling, since it was observed to be higher than the

onset temperature during heating. Accordingly, the

DT values cannot be evaluated according to the

above definition, since the variation of equilibrium

solidification temperatures is caused by the change

of nucleation ability of primary solidification phases

of a-Zn, b-Sn, c-InSn4, c-Zn21Co5, c Co2Sn2Zn, a-Fe,
and a-Fe0.92Sn0.08 IMCs. As an approximation, the

liquidus temperature during heating was assumed

to be the equilibrium solidification temperature as

reported by El-Daly et al., [7]. Based on this con-

sideration, the degree of undercooling values

becomes 4.5 �C and 5.7 �C for Sn–7Zn–2.5In and Sn–

7Zn–0.1Fe-0.1Co solders, respectively, as shown in

Table 1. Consistent with XRD analysis shown in

Fig. 1, it is assumed that addition of In or Fe and Co

atoms not only substitutes at Sn and/or Zn sites to

form a-Zn, b-Sn, c-InSn4, c-Zn21Co5, c Co2Sn2Zn, a-
Fe, and a-Fe0.92Sn0.08 IMCs in the molten solder, but

also precipitates during cooling to form small par-

ticles that may be considered as a primary phase.

Once the solidification process begins, the degrees of

undercooling can be related to the nucleation ability

bFig. 6 High-magnification SEM microstructure of Sn–7Zn-0.1-

0.1Co alloy and corresponding EPMA elemental mappings of Sn,

Zn, Fe, and Co, showing the microstructure of b-Sn, a-Zn, and, c-
Co2Sn2Zn

Fig. 7 DSC results of a Sn-7Zn, b Sn-7Zn-2.5In, and c Sn-7Zn-

0.1Fe-0.1Co solder alloys during heating (endothermal) and

cooling (exothermal)

J Mater Sci: Mater Electron (2023) 34:599 Page 9 of 20 599



of these IMCs within the melt. Nevertheless, the

primary phases may not have provided the same

suitable sites for heterogeneous nucleation. As a

result, the degree of undercooling increases with the

addition of Fe and Co while it decreases with the

addition of In.

Table 1 Solidus temperature (Tonset), liquidus temperature (Tend), pasty range, undercooling range, Tonset cooling and peak temperature

during cooling, for Sn-7Zn, Sn-7Zn-2.5In, and Sn-7Zn-0.1Fe-0.1Co solder alloys

Alloy Tonset
heating

Tend
heating

Pasty range

(Tend—Tonset)

Tonset
cooling

Undercooling

(Tonset heating—Tonset cooling)

Peak

temperature

Sn-7Zn 199.9 206.8 6.9 201.5 5.3 200.4

Sn-7Zn-2.5In 191.2 201.7 10.5 197.2 4.5 196.1

Sn-7Zn-0.1Fe-0.1Co 199.6 206.1 6.5 200.4 5.7 202.2

Fig. 8 Effect of temperature on a ultimate tensile strength (UTS), b yield stress (YS), c Young’s Modulus and d elongation (El. %) at

constant strain rate 5.6 9 104 s-1 and different temperatures for Sn-7Zn, Sn-7Zn-2.5In, and Sn-7Zn-0.1Fe-0.1Co alloys
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3.4 Influence of microalloying and test
temperature on the solder mechanical
properties

Figures 8 and 9 illustrate the temperature influence

on the tensile properties of the investigated solder

alloys at a steady strain rate of 5.6 9 10–4 s-1 and

3.1 9 10–3 s-1, respectively, while the obtained data

at all the examined temperature ranges are listed in

Table 2. Results revealed that the achieved stress–

strain curves are liable to alloy composition. It

showed that there is a continuous decrease in UTS

and YS values of the investigated solders as the

temperature increases, which implies that at higher

temperatures and steady strain rates, the dynamic

recovery process is more noteworthy. According to

these tensile tests, the Sn-7Zn solder alloy exhibited a

UTS of approximately 38.3 MPa at room tempera-

ture, while microalloying with 2.5% wt.% In exhibits

a higher UTS of * 42 MPa. This could be ascribed to

the precipitation of well-aligned fine needle-like a-Zn
and enlarging the eutectic region, which may

obstruct the dislocation movement. Besides, the In

atoms are dissolved into the b-Sn matrix, which

enhances the solid solution strengthening effect by

impeding the dislocation movement that is started in

the ductile b-Sn phase. On the other hand, the

microalloying with 0.1% wt. Fe and 0.1% wt. Co

exhibits a lower UTS of about 35.7 MPa, which could

be attributable to the formation of large IMCs.

Although the UTS and YS behavior are almost steady

in all investigated temperature ranges, the ductility

Fig. 9 Tensile properties of Sn-7Zn, Sn-7Zn-2.5In, and Sn-7Zn-0.1Fe-0.1Co alloys at different temperatures and their corresponding the

work hardening response
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as estimated by the elongation percentage has

increased and decreased in erratic patterns. But in

general, we can notice that the addition of In resulted

in increasing both strength and ductility of the Sn-

7Zn alloy, which is a dream come true for the sol-

dering process. Conversely, the addition of Fe and Co

results in an enhancement of the ductility of Sn-7Zn

solder and keeps the UTS values at approximately

the same level. Figure 10b–d shows the representa-

tive hardening rate versus the true strain of the three

solders. As we can see, the highest hardening rate

value at 25 �C was 2.5GPa for Sn-7Zn-2.5In alloy at

zero true strain, while the lowest hardening rate

value was 1.7GPa for the Sn-7Zn-0.1Fe-0.1Co alloy at

zero strain rate. However, these values were signifi-

cantly decreased by rising the testing temperature,

where the hardening rate values became 2.3GPa and

0.9GPa, respectively, at 70 �C, and 1.1GPa and

0.53GPa, respectively, at 120 �C, revealing a remark-

able softening after yielding had been carried out by

rising the investigated temperatures.

The comparison of ductility for three solders indi-

cates the better performance of Sn-7Zn-0.1Fe-0.1Co

alloy solder, as achieved from its higher level of

elongation when considered at most temperatures

and strain rate levels. These results also imply that

high positive strain rate sensitivities are necessary to

produce high plasticity at certain strain rate and

temperature. The ductility sensitiveness to the

experiment temperatures could be a result of several

possible reasons, such as stability of hard and soft

IMC in solder matrix, composition of alloy, growth

rate, and grain size [20]. From the tensile results, it’s

clear to see that, through hot deformations depend-

ing on the flow stress growth, both dynamic flow

softening and work hardening have occurred. As a

rule, the dislocation movement could be increased

because of increasing the deformation temperature,

leading to the dynamic flow softening, which is

basically driven by dynamic recovery, particularly at

lower strain rates, since the lower strain rates provide

a sufficient time for the dynamic recovery to expend

the kept and stored energy. However, the mechanical

strength and ductility of Sn-Zn and Sn-Zn-Fe/Co

solder alloys are influenced by several mechanisms

as follows: (a) strain hardening which is a mechanism

that increases the strength of a material as it is

deformed. In solder alloys, strain hardening is caused

by the movement and interaction of dislocations,

which are defects in the crystal lattice. This mecha-

nism is responsible for the increase in strength

observed at high strains and can contribute to the

overall ductility of the alloy; (b) dynamic recovery,

which is the ability of the alloy to recover its original

shape after being deformed. Dynamic recovery is

caused by the movement and rearrangement of

atoms within the crystal lattice and is influenced by

the temperature and strain rate of the test. At high

strain rates, it can be noted that the ductility of Sn-Zn

and Sn-Zn-Fe/Co solder alloys is influenced by

Table 2 Mechanical property

data for different solders at

e0 = 5.6 9 10–4 s-1 and

different temperatures

Alloy / e UTS (MPa) YS (MPa) Elongation (%) Young’s modulus (GPa)

Sn-7Zn

25 �C 38.3 34.1 50 17.1

50 �C 28 24.8 43.2 12.4

70 �C 21 18.4 52.6 9.2

90 �C 13.6 10.9 56.3 5.5

120 �C 9.1 7.2 63.4 3.6

Sn-7Zn-2.5In

25 �C 42 37.9 58.5 19

50 �C 31.8 28.4 51.3 14.2

70 �C 22.2 19.6 54 9.8

90 �C 16.9 13.9 62.7 6.9

120 �C 10.1 8.9 65.8 4.5

Sn-7Zn-0.1Fe-0.1Co

25 �C 35.7 30.5 62.4 15.3

50 �C 26.3 22.8 58.1 11.1

70 �C 19.8 17.5 55.4 8.7

90 �C 11.8 9.5 68.4 4.8

120 �C 8.4 6.5 69.2 3.3
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dynamic recovery; (c) grain boundary sliding (GBS)

is a mechanism that occurs during deformation,

where the grains within the alloy slide past each

other. This can help to reduce the stress within the

grains and can contribute to the overall ductility of

the alloy; and (d) intermetallic, such as c-Zn21Co5, c-
Co2Sn2Zn, and a-Fe0.92Sn0.08 in solder alloys, can have

a significant effect on their mechanical properties.

IMCs can act as sites for dislocation nucleation and

can also act as barriers to dislocation motion, which

can influence the ductility of the alloy. In Sn–Zn–Fe/

Co solder alloys, Fe and Co are added as a

strengthening element, which can form IMCs with Sn

and Zn. These IMCs can act as obstacles for disloca-

tions and affect the ductility of the alloy. It is

important to note that these mechanisms interact

with each other, and the overall ductility of the alloy

is a balance of these mechanisms and their interplay.

3.5 Influence of strain rate
on the mechanical properties of solder
alloys

Typical stress–strain behavior of the Sn-7Zn, Sn-7Zn-

2.5In, and Sn-7Zn-0.1Fe-0.1Co alloys at constant

temperatures of 25 �C with a changing strain rate

from 5.43 9 10–5 to 3.1 9 10-3 s-1 are displayed in

Fig. 10. The obtained data revealed that the increase

in strain rate from 5.43 9 10–5 to 3.1 9 10-3 s-1 led to

an increase in the UTS of the alloys, which reveals a

significant reliance of UTS on the strain rate. UTS

values show an increase from 27.3 to 46.6 MPa for the

Sn-7Zn alloy. The addition of 2.5 wt.% In leads to an

increase of the UTS from 30.7 to 51.5 MPa (with an

average increase of * 12% when comparing to the

base Sn-7Zn). The addition of 0.1 wt.% Fe and 0.1 wt.

% Co led to an increase in UTS values from 26 to

42.6 MPa (with an average decrease of about * 7%

when comparing to the base Sn-7Zn). However, the

results revealed a random increase in elongation

values as the strain rate increases, which indicates a

small effect of strain rate on the ductility of samples

in the examined strain rate ranges. The results dis-

play that doping of 2.5 wt.% In into the Sn-7Zn sys-

tem leads to an enhancement in both UTS ‘‘ * 1.1

times that of the binary Sn-7Zn’’ and elongation

‘‘ductility’’ from * 1.1 to * 1.4 times that of the

binary Sn-7Zn,’’ which offers a robust sign that In-

microalloying has an enormous effect on both tensile

performance and deformation mechanisms. That

means the Sn-7Zn-2.5In alloy possessed a viscoelastic

property. Similar data were obtained by El-Daly et al.

Fig.10 Tensile properties of a Sn-7Zn, b Sn-7Zn-2.5In and c Sn-

7Zn-0.1Fe-0.1Co solder alloys at different strain rates at 25 �C
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[30]. These results could be attributed to the forma-

tion of c-InSn4 IMC. On the other hand, the

microalloying of 0.1%wt Fe and 0.1 wt.% Co to the

Sn-7Zn system results in the formation of coarse

IMCs as discussed earlier. This coarsening IMCs

formation is reflected in the tensile properties of the

quaternary alloy by decreasing the UTS ‘‘from 0.8 to

0.9 times that of the binary Sn-7Zn’’ and increasing

the elongation ‘‘from * 1.1 to * 1.4 times that of the

binary Sn-7Zn.’’ The influence of UTS, YS, Young’s

modulus, and the elongation at temperatures on

strain rate at 25 �C for the three solder alloys is

shown in Fig. 11. The present results compared to

results from a previous study are summarized in

Table 3 [13].

3.6 Constitutive equations ‘‘kinetic
analysis of solders during hot
deformation’’

Stress exponent (n) and activation energy (Q) are

crucial thermodynamic and mechanical parameters

that are usually utilized to determine the tensile

deformation mechanism. To establish the association

between the minimum creep rate and the applied

stress, we can use the following power-law relation

[31]

Fig.11 Effect of strain rate on a ultimate tensile strength (UTS), b yield stress (YS), c Young’s Modulus and d elongation (El. %) at

T = 25 �C for Sn-7Zn, Sn-7Zn-2.5In, and Sn-7Zn-0.1Fe-0.1Co alloys
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e_¼ Arnexpð�Q=RTÞ ð1Þ

The Garofalo hyperbolic sine law described below

shows that the UTS is usually regarding to the

homologous temperatures and strain rate, which is

fitting for the constitutive analysis over wide ranges

of deformation;

_e ¼ A½sinh arð Þ�nexpf�Q

RT
g ð2Þ

where A is the material-dependent constant, a is the

stress coefficient and has the units of (MPa-1), r is

the applied stress and has the units of (MPa), n is the

stress exponent constant, R is the gas constant (8.314

Jol-1 K-1), T is the absolute temperature and has the

units of (K), and Q is the activation energy and has

the units of (kJ/mol) [16].

Taking the natural logarithm of Eq. (2):

lne_¼ lnAþ nln½sinhðarÞ� �Q=RT ð3Þ

The value of stress coefficient (a) was calculated by

a = b/n1, where b and n1 are, respectively, the

average slopes of ln _ðeÞ � r lines and ln _ðeÞ � lnðrÞ lines
at constant T, as shown in Fig. 12. The slope of ln _ðeÞ
against ln [sinh (ar)] plot then gave the value of n

(Fig. 13). The value of ln(A) could then be obtained

from the intercept of the ln _ðeÞ against ln [sinh (ar)]
plot. To explain the mechanism of tensile deforma-

tion, it is worth noting that three distinct mechanisms

could potentially occur during the process: grain

boundary sliding, which occurs when n = 1–2, grain

boundary diffusion, which occurs when n = 3, and

dislocation climb, which occurs when n = 4–8 [32, 33].

As shown, the data listed in Table 4 reveals that the

values of n are between 4.24 and 6.31 for the inves-

tigated samples, which means that the tensile defor-

mation mechanism is dislocation climb. On the other

hand, it is found that n-values decreased as the

temperature increased, which may be attributed to

the morphology instability that occurs at high

deformation temperatures [34]. In addition, as shown

in Fig. 14, the relationship between ln (e) and 1/T

could be used to estimate the activation energy

Table 3 Mechanical property data for different solders at temperatures 25 oC, 70 oC and 120 �C and various strain rates

Solder/strain rate 25 �C 70 �C 120 �C

UTS (MPa) Ys (MPa) El UTS (MPa) Ys (MPa) El UTS (MPa) Ys (MPa) El

Sn-7Zn

5.43 9 10-5 s-1 27.3 23.8 43.9 13.1 10.2 67.8 6.2 5 73.9

1.9 9 10-4 s-1 32.4 29.3 43.1 16.2 14.4 54.2 7.2 5.8 69.5

5.6 9 10-4 s-1 38.3 34.1 50 20.8 18.4 52.6 9.1 7.2 63.4

1.3 9 10-3 s-1 42.1 38.2 41.4 24.7 22.5 40.3 9.8 9.1 54.8

3.1 9 10-3 s-1 46.6 40 35.5 27.7 25 35.2 11.6 10.9 52

Sn-7Zn-2.5In

5.43 9 10-5 s-1 30.7 26.4 62.3 14.3 12.5 77.2 7 5.7 80.5

1.9 9 10-4 s-1 39.8 34.8 45.8 18.2 15.7 59.2 8.6 7.9 75.6

5.6 9 10-4 s-1 42 37.9 58.5 22.2 19.6 54 10.1 8.9 65.8

1.3 9 10-3 s-1 47.5 42.4 44.3 26.7 25.1 44.1 11.3 10.3 58.2

3.1 9 10-3 s-1 51.5 44.4 44.5 31.9 28.5 37.8 12.2 11.3 55.3

Sn-7Zn-0.1Fe-0.1Co

5.43 9 10-5 s-1 26 22.9 63.1 11.3 9.1 79.1 5 3.4 84.3

1.9 9 10-4 s-1 30.9 26.5 51.1 14.9 12.7 61.9 6.8 5.4 77.5

5.6 9 10-4 s-1 35.7 30.5 62.4 19.8 17.5 55.4 8.4 6.5 69.2

1.3 9 10-3 s-1 38.6 33.9 49.1 23.1 20.9 55.8 8.9 7.8 60

3.1 9 10-3 s-1 42.6 38.6 47.1 25.6 22.7 40.2 10.2 9.1 69.8

Sn-6.5Zn-0.5Cu [7]

5.0 9 10-5 s-1 22.9 20.6 59 14.1 13.4 84.0 – – –

3.3 9 10-4 s-1 28.4 24.2 40 18.9 17.1 71.1 – – –

5.4 9 10-4 s-1 29.6 26.5 58.4 21.1 18.3 65.3 – – –

1.15 9 10-3 s-1 39.0 34.8 50.7 27.2 25.2 49.8 – – –

2.9 9 10-3 s-1 44.6 38.7 43.7 32.1 27.9 29.5 – – –
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(Q) value in the temperature range of 25–120 �C, with

the results listed in Table 4. The Q values were found

to be 78.8 kJ/mol for the Sn-7Zn alloy, 84.6 kJ/mol

for the Sn-7Zn-2.5In, and 75.9 kJ/mol for the Sn-7Zn-

0.1Fe-0.1Co, which indicates that the deformation

mechanism for the three investigated solders is

Fig.12 Relationship between r and ln(e.) and between ln(r) and ln(e.) at T = 25 �C, T = 70 �C and 120 �C for Sn-7Zn, Sn-7Zn-2.5In,

and Sn-7Zn-0.1Fe-0.1Co solder alloys
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controlled by a lattice self-diffusion mechanism [35].

On the other hand, exponential type equations could

be used as a model to reveal the effects that occurred

on the deformation process owing to the common

influence of temperature and strain rate on it. Nev-

ertheless, the assembled results of A, Q, n, and a for

the investigated solders were fitted with the Garofalo

hyperbolic sine law as follows:

_e1 ¼ 2:99 � 10�4½sinh 0:047rð Þ�5:05exp �78:8

RT

� �
ð4Þ

_e2 ¼ 8:37 � 10�4½sinh 0:037rð Þ�5:62expf�84:6

RT
g ð5Þ

_e1 ¼ 1:23 � 10�4½sinh 0:058rð Þ�4:78exp �75:9

RT

� �
ð6Þ

The data obtained through the Eqs. 4, 5, and 6

could be used to plot a comparison between the

experimental data for stress vs. strain rate behavior

and the Garofalo model at 70 �C as shown in Fig. 15,

which exhibits excellent relevance between theoreti-

cal and experimental stress vs strain rate data at all

strain rates up to approximately 2 9 10-3 s-1 and

stresses up to 22–25 MPa. However, a slight devia-

tion at higher stresses and strain rates has been

observed for the three solder alloys. Some possible

causes of deviation between experimental and model

data include the material properties, the microstruc-

ture effects of solder alloy and strain rate sensitivity

parameter m = 1/n. Equations 4–6 considered that

the stress sensitivity parameter n is constant at all

strain rates and stresses, while it changed experi-

mentally at different strain rates and stresses

according to the condition of superplasticity.

4 Conclusions

Sn–Zn alloy possess multiple fascinating features

such as low cost, low melting temperature

(* 198 �C) ,as well as satisfactory mechanical prop-

erties. In this investigation, a comparison between the

microstructural formation and the thermal and

mechanical characteristics of the ternary Sn-7Zn-2.5In

and quaternary Sn-7Zn-0.1Fe-0.1Co solder alloys was

made to find out the extent of the effect of distinct

microalloying of In and dual Fe/Co on the charac-

teristics of the binary Sn-7Zn solder alloy. The most

significant data are listed as follows:-

1) Microstructural modifications were observed

with the microalloying of 2.5 wt.% In to the binary

Sn-7Zn solder alloy, e.g., the forming of the new

Fig.13 Relationship between ln sinh (ar) and ln(e.) at

T = 25 �C, T = 70 �C and 120 �C for Sn-7Zn, Sn-7Zn-2.5In,

and Sn-7Zn-0.1Fe-0.1Co solder alloys
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InSn4 IMC distributed in the eutectic region and the

impression of needle-like a-Zn phases.

2) The minor additions of Fe and Co (0.1 wt.% for

each) are tremendously modified the microstructure

of the binary Sn-7Zn alloy by forming new coarsen-

ing c-Zn21Co5, c-Co2Sn2Zn, and a-Fe0.92Sn0.08 IMCs.

3) Thermal analysis results indicate that the addi-

tion of In decreases the degree of undercooling from

5.3 to 4.5 �C, while Fe and Co additions slightly

increase it to 5.7 �C. Moreover, In or Fe and Co

additions preserve the pasty range values below

11.5 �C, which allows the use of In or Fe and Co-

containing Sn-7Zn alloy to be an excellent candidate

in the line with different circumstances of usage,

meeting the working temperature requirements of

ventilation.

4) The UTS, US, and ductility of Sn-7Zn solder

alloy are all improved by In microalloying. Conse-

quently, In microalloying can improve plastic energy

dissemination ability in addition to the bulk confor-

mity of the solder interconnections, while Fe/Co-

microalloying exhibit enhanced ductility in Sn-7Zn

fusible solder alloy, which can be applied to the

design of mitigation devices for fusible alloys.

5) The activation energies for the Sn-7Zn alloy were

found to be 78.8 kJ/mol and 84.6 kJ/mol for the Sn-

7Zn-2.5In, and 75.9 kJ/mol for the Sn-7Zn-0.1Fe-

0.1Co, indicating that the Sn-7Zn and Sn-7Zn-0.1Fe-

0.1Co deformation mechanisms are controlled by a

lattice self-diffusion mechanism.

Table 4 The activation energy

(Q) and stress exponent

(n) values for Sn-7Zn, Sn-

7Zn-2.5In, and Sn-7Zn-0.1Fe-

0.1Co solder alloys

Alloy Q (KJ/mol) Temperature (�C) a n

25 0.028 5.80

Sn-7Zn 78.8 70 0.047 5.05

120 0.120 4.69

25 0.023 6.31

Sn-7Zn-2.5In 84.6 70 0.037 5.62

120 0.090 5.33

25 0.032 5.60

Sn-7Zn-0.1Fe-0.1Co 75.9 70 0.058 4.78

120 0.140 4.24

Fig.14 The activation energy (Q) values of Sn-7Zn, Sn-7Zn-

2.5In, and Sn-7Zn-0.1Fe-0.1Co solder alloys

Fig.15 Comparison of strain rate achieved from experimental

results and Garofalo model at70 �C
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6) The Garofalo model is suitable for expressing the

experimental flow behavior of Sn–7Zn solders over

the examined strain rate and temperature range.
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