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ABSTRACT

Tensile creep experiments and pulse-echo overlap (PEO) method were utilized

to analyze the impact of small additions of 2.5%wt In, Fe and Co (0.1%wt for

each) on the creep resistance and elastic properties of a cast Sn-7Zn alloy. The In-

modified alloy displays noticeably enhanced creep resistance and increased the

fracture time (* 2.7 times) due to precipitation strengthening and formation of

c-InSn4 particles. The In-modified alloy exhibits an as-solidified grain structure,

which is finer than the Sn-7Zn alloy, and predicted to enhance deformation

resistance by lattice self-diffusion creep. Nonetheless, the creep resistance of Sn-

7Zn alloy deteriorates after Fe and Co addition, highlighting the excellent

coarsening of the new c-Zn21Co5, c-Co2Sn2Zn, and a-Fe0.92Sn0.08 precipitates.

The obtained results implied that the creep strain rate follows the Garofalo

hyperbolic sine equation, and the computed creep stress exponent is consistent

with a climb-controlled dislocation creep. Consequently, for all PEO tests, the

values of resulting Young’s modulus (E) (66.7 GPa) and shear modulus

(G) (20.5 GPa) of In-modified Sn-7Zn alloy were superior to those of the con-

ventional plain Sn-7Zn alloy and Fe and Co modified alloy in its cast condition.

1 Prime Novelty Statement

The prime goal of this study is to assess the influence

of In, Fe, and Co microalloying on the microstructure,

creep characteristics, ‘‘plastic deformation’’ and elas-

tic behavior of the Sn-7Zn alloy. The investigations

revealed that 2.5%wt addition of In microalloying

causes a notable change in the Sn-7Zn microstructure

by eliminating the undesirable needle-like Zn

particles, refining the b-Sn grains, and the formation

of a new c -InSn4 IMC. These changes are reflected in

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

solder, since it can result in evading the strength-

ductility trade-off phenomena, which is a major

concern in the electronic industry. Conversely,

0.1%wt addition of Fe and Co leads to the formation

of many coarsening c-Zn21Co5, c-Co2Sn2Zn, and a-
Fe 0.92Sn 0.08 IMCs that enhance the ductility of the
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sample but at the expense of its strength. Further-

more, the pulse-echo overlap (PEO) tests come with

an outstanding finding that the formation of IMCs

regulates the elastic properties of the tested solders.

The finding revealed that the presence of coarse IMCs

in the quaternary alloy leads to a larger Poisson’s

ratio of 0.38, a greater attenuation coefficient of

731.19 dB/m, and a higher bulk modulus of 83GPa,

indicating that it has higher ductility, a shorter reso-

nant life, and high compressibility, respectively.

2 Introduction

Global reservations over using lead in solder alloys

are a pressing problem for the electronic industry.

Consequently, various lead-free solder systems are

being intensively investigated and chosen as poten-

tial replacements for Sn-Pb solder [1]. Sn-Zn solder

alloy systems are nominated as excellent alternatives

to Sn-Pb solders because of their inexpensive cost,

suitable melting temperature, and outstanding

mechanical qualities. However, Zn is an active

material with a tendency to corrode, in addition to

the poor oxidation resistance and wetting qualities of

the Sn-Zn systems restricting the use of Sn-Zn alloys

as essential components of electronic devices [2–4].

Two possible approaches have been suggested to

solve this challenge. First, it has been shown that the

microstructural mechanism that makes solder joints

more reliable is set off by the formation of a second

phase, which could be achieved by doping Sn-Zn

solder with various alloying materials like Ag, Ni, Bi,

In, Co, and Ga [2]. Second, corresponding to the

binary Sn-Zn phase diagram illustrated in Fig. 1 [5],

lowering the Zn quantity within the Sn-Zn alloys can

restrict its adverse impact while preserving the

eutectic melting point. This is because the tendency of

the liquidus curve at the hypo-eutectic area is not

very high. Hence, decreasing Zn percent around Sn–

9Zn would not lead to a significant rise in the equi-

librium liquidus temperature, implying that the

higher cost of lead-free solders is, the less oxidation

sensitivity of Zn would be [6]. For example, accord-

ing to Yanzhi Peng et al. [7], microalloying Sn-9Zn-

2Bi solder alloy with Ga resulted in: (1) removing the

coarse Zn-rich phase; (2) vanishing of intermetallic

compounds (IMC) as a result of Ga’s complete solu-

bility in Zn; (3) enhancing the wettability of the Sn–

9Zn–2Bi alloy; (4) increasing the resistance of the

system; (5) increasing the ultimate tensile strength of

the material; (6) diverting the fracture into a mixed

rupture rather than a nearly completely ductile frac-

ture; and (7) effectively preventing further corrosion,

particularly when the Ga concentration is increased

to 0.3wt%.

Furthermore, Mahmudi et al. [8] studied Bi impact

on the creep characteristics owned to the Sn-9Zn

solder where they observed that the ternary alloy

improves creep resistance because of the solid solu-

tion impact and precipitation of Bi in the Sn matrix.

Wei et al. [5] assessed the non-equilibrium melting

and wetting properties of a variety of Sn-xZn alloys

where x represents the %wt Zn concentration and

varied from 2.5% to 9%. They stated that although Sn-

6.5Zn melts similarly to eutectic Sn-9Zn, it has con-

siderably higher wettability to Cu compared to Sn-

9Zn. Therefore, Sn-6.5Zn would be preferable to Sn-

9Zn. Tikale et al. [9] demonstrated that lowering the

Zn content lowers the thickness of the filler metal’s

IMC. The objective of this research is to assess the

impact of the addition of minimal amounts of In, Fe,

and Co on the microstructure, creep characteristics,

plastic deformation of the hypo-eutectic Sn–7Zn sol-

der in addition to its elastic behavior. The essential

parameters that determine the microstructure, creep

characteristics, plastic deformation and elastic

behavior of the investigated alloys are described. It is

hypothesized that these minor element additions

should help improve the overall microstructure,

creep characteristics, plastic deformation, and elastic

behavior of the investigated alloys. The obtained data

are expected to help make new solder alloys for use

in various kinds of electronic packaging.

Fig. 1 Binary Sn–Zn phase diagram [5]
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3 Experimental procedures

3.1 Sample preparations

In this study, the metal ingots were blended to form

binary Sn-7wt%Zn, ternary Sn-7wt%Zn-2.5wt%In,

and quaternary Sn-7wt%Zn-0.1wt%Fe-0.1wt%Co

solder alloys. The melting procedure was accom-

plished via mixing the alloy elements in a quartz tube

that was inserted in an electric furnace at 600 �C for

around 1 h in a KCl ? LiCl (1.3:1) environment. A

graphite rod was used to stir the molten metal

mechanically so that the prime alloy would dissolute.

Then, the samples were cast into a steel mold and

allowed to cool at a rate of 6–8 �C/s to assemble

microstructures like those found in small solder

junctions in the electronics industry. The surfaces of

the obtained alloy specimens in polished and etched

conditions were inspected using optical microscopy

(OM) (OM, KEYENCE VHX-500F) and scanning

electron microscope (SEM) (quanta feg 250, made in –

republic Czech). Nonetheless, an X-ray diffractometer

(XRD) (PHILIPS X’Pert Diffractometer) at 40 kV and

20 mA using CuKa rays with a diffraction angle (2h)
ranging 25� to 100� and a steady scanner velocity of

1�/min was used to figure out the phase of the alloy

specimens. The alloy specimens were divided into

two groups. The first group was shaped as a wire

specimen having a length of 4 9 10-2 m and a

diameter of 1.2 9 10-3 m. This group was annealed

at 120 �C for 1 h to minimize remaining tension

acquired during the specimen preparation and then

allowed to cool gently to ambient temperature before

microstructure study, and mechanical tests. The

mechanical evaluations were carried out by utilizing

an Instron type machine with experimental errors

less than ± 3%. The tensile creep tests were per-

formed at temperature range of 25–120 �C, and dif-

ferent constant loads. Tensile creep tests are

accomplished using ASTM E8/E8M-13a standard

test methods for tension testing of metallic materials.

The temperature of furnace was automatic controlled

with ± 1 �C. The loading process is controlled, and

the experimental data are recorded by a computer

system [10].

3.2 Ultrasonic velocity measurements

The PEO approach, represented in Fig. 2, is a non-

damaging technique applied to assess the mechanical

wave velocity in alloy samples. The specimens were

refined with 5 9 10-4 m Al2O3 particles. The surface

alignment between the opposite sides was assessed

with a surface plate with a ± 25 m accuracy. The

ultrasonic velocities were evaluated utilizing the cri-

teria of electronic circuit (Hewlett Packard 54,615 B)

by estimating the time interval between the initiating

pulse and the receiving pulse displayed on a flaw

detector’s monitor (USIP20-Kraütkramer). Since

velocity is defined as the distance covered by an item

divided by the time it takes to travel that distance, the

wave velocity can be computed using the equation

v = 2x/Dt, where (x) is the specimen thickness and

(Dt) is the time interval [11, 12]. Both longitudinal (vl)

and shear ultrasonic (vs) wave velocities were recor-

ded at room temperature using the Karl Deutsch

transducer S12 HB4 and the Kraütkramer transducer

K4KY with a fundamental frequency of 4 MHz. The

propagation velocity of ultrasonic waves was asses-

sed by high accuracy of ± 13 m/s for vl and ± 8 m/s

for vs. It was noticed that the material’s nature con-

trols the magnitude of both vl and vs wave velocities.

The density of each alloy specimen can be calculated

using Archimedes’ principle. In this investigation, the

density of the specimen was assessed at room tem-

perature (25 �C) by employing toluene as an immer-

sion fluid and using the next equation:

q ¼ qb

wa

wa � wb
ð1Þ

whereas (qb) is the density of the buoyant and (wa)

and (wb) are the sample weights in air and the

buoyant, respectively.

Errors in the density calculations of the investi-

gated specimens were reduced up to ± 5 kg/m3 by

repeating each experiment several times. Elastic

coefficients such as Young’s modulus (E), shear

modulus (G), bulk modulus (K), and Poisson’s ratio

(t) were estimated via this investigation. According

to El-Daly and Hammad et al. [2], t is assessed to

deliver additional data on the nature of bonding

forces than other elastic coefficients where t corre-

lates with E and G through the relation:

t ¼ E

2G
� 1 ð2Þ

Furthermore, t correlates with vl and vs through

the relation:
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t ¼ v2
i � 2v2

s

2 Vl2 � Vs2
� � ð3Þ

In addition, vl and vs correlate with E and G

through the relation:

E ¼
3qv2

s v2
l � 3

4

� �
v2

s

� �

v2
l � v2

s

� � ð4Þ

G ¼ qv2
s ð5Þ

K ¼ E

3 1� 2tð Þ ð6Þ

G ¼ E

2 1þ tð Þ ð7Þ

The following equation could be used to determine

both the attenuation coefficients (a) and hardness (H):

a ¼ 20

Log Ai
Aj

� �

2X
ð8Þ

H ¼ E 1� 2tð Þ
6 1þ tð Þ ð9Þ

whereas (Ai) and (Aj) are the echo heights of con-

secutive peaks i and j, respectively.

4 Discussion of the findings

4.1 Microstructure examination

The morphological changes caused by the additions

of 2.5wt% In, 0.1wt% Fe, and 0.1%wt Co into the

binary Sn-7Zn solder alloy were analyzed using OM

and SEM; the obtained results are depicted in Figs. 3–

5. The results revealed that the Sn-7Zn alloy

micrograph is characterized by the presence of nee-

dle-forms of a-Zn that are widely spread within the

b-Sn matrix, Figs. 3A, 4A and 5A. The 2.5%wt In

addition to the Sn-7Zn alloy leads to a refinement of

the needle-forms of a-Zn in the b-Sn matrix in addi-

tion to the formation of new IMC, Figs. 3B, 4B and 5B.

Furthermore, the doping 0.1%wt Fe and Co to the Sn-

7Zn solder alloy leads to the suppression of Zn nee-

dle structures in addition to the production of coarse-

butterfly shapes, Figs. 3C, 4C and 5C. Furthermore,

XRD technique was used to recognize the initial

phases of the as-solidified alloys. The results

obtained, illustrated in Fig. 6a–c, revealed that the Sn-

7Zn alloy morphology contains b-Sn and a-Zn-rich
phases without any sign of IMCs formation. This is

due to the low solubility of Zn in Sn back to Sn-Zn

binary phase diagram, shown in Fig. 1 [5]. With

doping In into the binary Sn-7Zn alloy, the ternary

alloy morphology contains three phases of b-Sn, a-Zn
and the new c-InSn4 IMC, which implies that In has a

complete solubility in the Sn matrix [13]. Neverthe-

less, a massive change in the morphology of Sn-7Zn

solder alloy had been observed after the addition of

Fe and Co, where the XRD analysis for the quaternary

alloy reveals the presence of b-Sn, a-Zn, a-Fe, c-
Zn21Co5, c-Co2Sn2Zn, and a-Fe0.92Sn0.08. Similar

results were obtained by Giefers and Nicol [14],

Shou-li et al. [15], and Abou-krisha and Abushoffa

[16].

4.2 Tensile creep properties

4.2.1 Alloy properties

In this study, to obtain the creep curves, the speci-

mens were subjected to stresses ranging from 23.40 to

Fig. 2 Schematic

representation of pulse-echo

overlaps (PEO) method [11]
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31.39 MPa at ambient temperature; the findings are

shown in Fig. 7. The produced creep curve has a

conventional form with well-defined creep charac-

teristics creating an evident transition across the

primary, secondary, and tertiary creep phases

throughout the time interval studied. The results

showed that adding 2.5In to the binary Sn-7Zn

reduces the creep rates and improves the creep

resistance, whereas adding 0.1Fe and 0.1Co to the

binary Sn-7Zn increases the creep rates and, hence,

decreases the creep resistance. The creep-rupture

tests were studied at 25, 50, 70, 90, and 120 �C,
respectively, under the influence of constant stress of

23.40 MPa, and the model forms of strain (%) vs. time

curves for the investigated alloys, illustrated in Fig. 8.

Fig. 3 OM microstructures of solidified A Sn-7Zn, B Sn-7Zn-

2.5In and C Sn-7Zn-0.1Fe-0.1Co alloys

Fig. 4 Low-magnification SEM image of A Sn-7Zn, B Sn-7Zn-

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

26732 J Mater Sci: Mater Electron (2022) 33:26728–26743



It is worth noting that the addition of 2.5In to the

binary Sn-7Zn decreases the creep rates, whereas the

addition of 0.1Fe and 0.1Co to the binary Sn-7Zn

increases the creep rates. Furthermore, the creep

curve trend demonstrates a rapid transition from

brief primary creep to well-defined steady-state

creep, indicating that the matrix hardening caused by

the creep strain was quickly retrieved and balanced

at the prolonged deformation rate. The creep

resistance of the complete alloy samples can be

compared using the plot of the computed creep rates

(e) of the three solders as a function of time in Fig. 9.

When compared to the other two alloys, the Sn-

7Zn-2.5In alloy had a significantly lower steady-state

creep rate and roughly larger fracture times (2.7

times) than the binary Sn-7Zn. These results con-

firmed that 2.5In enhances both ductility and strength

compared to the base Sn-7Zn solder alloy, so that Sn-

7Zn-2.5In solder alloy is known as a visco-plastic

solder alloy, which is a favorable property needed in

electronic packaging. In addition, the size, shape, and

amount of c-InSn4 IMC particles may improve the

visco-plastic deformation resistance of the solder and

constrain the microstructure evolution caused by

dislocation movement. Such movement could explain

why the ternary Sn-7Zn-2.5In becomes a visco-plastic

material. Nonetheless, the coarse IMCs c-Zn21Co5, c-
Co2Sn2Zn, and a-Fe0.92Sn0.08 created by the inclusion

of 0.1Fe and 0.1Co into the Sn-7Zn alloy are easily

fractured reducing the strength effects of the qua-

ternary Sn-7Zn-0.1Fe-0.1Co solder [17]. Figure 10

shows SEM of the fracture surfaces of the tensile

Fig. 5 High-magnification SEM image of A Sn-7Zn, B Sn-7Zn-

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

Fig. 6 XRD analysis of as-solidified a Sn–7Zn, b Sn–7Zn–2.5In

and c Sn–7Zn–0.1Fe-0.1Co solder alloys.
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creep specimens for Sn-7Zn, Sn-7Zn2.5In and Sn-7Zn-

0.1Fe-0.1Co solder alloys. A ductile dimple pattern

can be seen at all solder alloys. It was found that an

additional 2.5In wt.%, small-sized cup and cone

fracture obtained. This indicates a reduction in the

ductility indicating a higher creep resistance.

Fig. 7 Representative creep curves for the a Sn-7Zn, b Sn-7Zn-

2.5In and c Sn-7Zn-0.1Fe-0.1Co solder alloys tested at room

temperature T = 25 �C and under different stresses as indicated Fig. 8 Variation of Creep curves at different temperatures and

constant stress of 23.40 MPa for a Sn-7Zn, b Sn-7Zn-2.5In and

c Sn-7Zn- 0.1Fe-0.1Co solder alloys
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However, with the addition of a 0.1 wt.% Fe and

0.1wt.% Co, the size of the cup and cone fracture

becomes larger. This indicates an increase in the

ductility indicating a lower creep resistance. These

findings are consistent with creep curves results in

Fig. 7. As for the microstructure analyses, it can be

noticed that the mechanical characteristics of the Sn-

7Zn solders were governed by the distribution of the

needle-form a-Zn phases in the b-Sn matrix. There-

fore, the formation of c-InSn4 IMCs and finely scat-

tered needle-form a-Zn phases in the entire b-Sn
matrix impedes the dislocation movement. Conse-

quently, the creep resistance of the specimen is dra-

matically enhanced, which could be responsible for

the increased creep resistance of Sn-7Zn-2.5In.

4.2.2 Deformation solder kinetic analysis

One of the objectives of this research is to figure out

the creep mechanism of Sn-7Zn alloy, which can be

accomplished by defining a set of material parame-

ters such as the stress exponent (n) and activation

energy (Q) of the operative deformation procedure.

Generally, there are two approaches to examining

creep data:

1- A basic power law derived from theoretical

dislocation movement treatments. However, the

higher stress exponent values, greater than 7,

observed from creep studies on precipitation

reinforced alloys cannot be explained by these

standard textbook models of creep [18].

e_¼ Arnexpð�Q=RTÞ ð10Þ

2- The Garafalo hyperbolic sine can be used to

mimic a variety of stress exponents found at

various temperatures,

e_¼ A½sinhðarÞ�nexpð�Q=RTÞ ð11Þ

In Eqs. 10 and 11, (A) and (a) are the material

constants in s-1 and MPa-1, respectively; (a) is the

stress level parameter; (R) is the universal gas con-

stant; (n) is the stress exponent constant related to

strain rate; (T) is the thermodynamic deformation

temperature in Kelvin; (r) is the steady-state flow

stress in MPa; and (Q) is the deformation activation

energy in kJ/mol.

Applying the natural logarithmic conversion to

both sides of Eq. (11), we get

ln e� ¼ lnA þ n ln½sinhðarÞ� � Q=RT ð12Þ

In Eq. 12, the stress reciprocal (a) is the point

where the deformation of the material changes from

power to exponential stress dependence.

The a-value can be computed using the formula

a = b/n1, where b and n1 are the average slopes of ln

(e) versus (r) and ln (e) versus ln (r) at constant

temperature, respectively, as shown in Figs. 11, 12

Fig. 9 Comparison of creep curves, Strain rate and time curves at

T = 25 �C, T = 50 �C, T = 70 �C, T = 90 �C and T = 120 �C
and r = 23.40 MPa for a Sn-7Zn, b Sn-7Zn-2.5In and c Sn-7Zn-

0.1Fe-0.1Co solder alloys
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and 13. The slope of the ln (e) vs ln [sinh(ar)] plot,
shown in Figs. 11, 12 and 13, yielded the n-values,

whereas the intercept of the ln (e) against ln [sin-

h(ar)] plot yielded the ln (A). The creep-activation

energy Q values of the entire solder have been

assessed using the linear retraction of the empirical

data related to ln (e) and 1/T, as shown in Fig. 14.

Table 1 lists the parameters that were acquired. The

findings revealed that different alloying additions

result in different creep properties.

In this investigation, doping 2.5%wt In into Sn-7Zn

solder alloy results in a lower creep rate and higher

stress exponents (n = 5.01–6.3), while doping 0.1%wt

Fe and 0.1%wt Co with Sn–7Zn results in an elevated

creep rates and lowering the stress exponent

(n = 4.28–5.48). This indicates that Fe and Co addi-

tions have a lower ability to strengthen the Sn-7Zn.

Moreover, the fluctuation of n-values with tempera-

ture could be linked to the microstructure instability

that can occur during high-temperature deformation.

The results obtained in this investigation imply that

the stress exponents of Sn-7Zn and Sn-7Zn-0.1Fe-

0.1Co solders were nearly equal in this study because

the prime phases were the base b-Sn. However, the

higher stress n values of Sn-7Zn-2.5In could be due to

the production of a significant amount of eutectic

area because of the improved solid solution influence

of In. Moreover, El-Daly and El-Taher [19] assumed

that the variation in n-values of the investigated

alloys suggests that the creep deformation is impac-

ted by the formation of IMCs. Based on this

assumption, it can estimate that the formation of c-
InSn4 IMC due to the addition of In into the binary

Sn-7Zn could obstruct dislocation climbing during

creep by acting as dispersion strengtheners, resulting

in n-values greater than 5, typical of precipitation-

strengthened materials. Since driving forces are acti-

vated more slowly at low temperatures than at higher

temperatures, the considerable increase in stress

exponent values in the Sn-7Zn-2.5In alloy could

imply that the interaction between dislocations and

big eutectic particles has changed. This finding is

plausible when the results from Fig. 3 are considered

since the size and number of precipitates influence

creep resistance. The creep behavior of the solder

alloy is controlled by the phase producing a contin-

ued matrix, whether eutectic or base tin.

The activation energy results showed that the Sn-

7Zn-2.5In alloy has a higher apparent activation

energy of 77.4 kJ/mol, followed by 72.6 kJ/mol for

Sn-7Zn and 67.1 kJ/mol for Sn-7Zn-0.1Fe-0.1Co

indicating that the deformation mechanism for the

ternary Sn-7Zn-2.5In is transformed from pipe to

lattice self-diffusion mechanism, while both binary

Sn-7Zn and quaternary Sn-7Zn-0.1Fe-0.1Co are con-

trolled by a pipe diffusion mechanism [20]. The

addition of In segregation to dislocation cores in the

Sn-7Zn alloy would cause more local lattice distor-

tions near the dislocation lines, increasing the defor-

mation energy needed for such crystals. The

differences between Q and n values and the other

obtained data could be caused by several things, such

as variations in applied techniques, microstructure,

samples’ preparation, errors in measurement process,

and data handling methods.

4.3 Elastic properties ‘‘ultrasonic (US)
examination’’

Using the PEO method, the elastic coefficients for the

three solder alloys, such as a, E, G, K, H, and t, have
been evaluated.

4.3.1 The effect of additives on ultrasonic velocities (Vl,

Vs) and density

The empirical measurements of US wave velocities

(Vl and Vs) and densities (q) of Sn-7Zn, Sn-7Zn-2.5In,

Fig. 10 SEM of the fracture surface of a Sn-7Zn, b Sn-7Zn-2.5In and c Sn-7Zn-0.1Fe-0.1Co solder alloys

26736 J Mater Sci: Mater Electron (2022) 33:26728–26743



and Sn-7Zn-0.1Fe-0.1Co solder alloys are shown in

Fig. 15 and Table 2, respectively. Investigations

revealed that the longitudinal velocity decreased

from 3424.49 ± 13 to 3408.74 ± 13 m/s adding In to

the binary Sn-7Zn, but increased from 3424.49 ± 13

to 3878.24 ± 13 m/s when adding Fe and Co to the

Fig. 11 Determination of b, n1 and n from the slopes of ln _� - r,
ln _� - ln r and ln _� - ln [sinh (ar)], respectively, at temperature

of T = 25 �C for a Sn-7Zn, b Sn-7Zn-2.5In and c Sn-7Zn-0.1Fe-

0.1Co solder alloys

Fig. 12 Determination of b, n1 and n from the slopes of ln _� - r,
ln _� - ln r and ln _� - ln [sinh (ar)], respectively, at temperature

of T = 70 �C for a Sn-7Zn, b Sn-7Zn-2.5In and c Sn-7Zn-0.1Fe-

0.1Co solder alloys
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binary Sn-7Zn. Furthermore, the In addition to the

binary Sn-7Zn increases the shear velocity from

1645.1 ± 8 to 1716.5 ± 8 m/s, while the inclusion of

Fe and Co to the binary Sn-7Zn raises the shear

velocity value of Sn-7Zn from 1645.1 ± 8 to

1706.2 ± 8 m/s. Interestingly, the longitudinal wave

speeds are roughly double the shear wave velocities,

which is a notable characteristic of these studies. For

the same thickness of the specimen, the transit time of

longitudinal wave velocity is around half that of the

shear wave velocity. It is also worth noting that the

addition of alloying elements has a greater impact on

the Vs values than the Vl values, implying that US Vs

is a stronger signal for microstructural identification

than Vl velocity; similar results were obtained by El-

Daly and Hammad [2]. Since the only difference

between the examined samples is the formation of

IMCs as a result of the addition of In, Fe, and Co, the

differences in Vl and Vs values can be attributed to an

increased preference for resonance interaction

between the US wavefront and IMCs ‘‘that behave as

robust implications in a soft matrix’’ and grains. The

density of the three specimens was determined using

Archimedes’ method whose findings are noted in

Table 2. The density (q) of the alloys fell from

7166.7 ± 5 kg/m3 to 6956.9 ± 5 kg/m3 with the In

addition to the binary Sn-7Zn and to 6561.1 ± 5 kg/

m3 with the addition of Fe and Co to the plain Sn-

7Zn. The presence of a considerable heterogeneous

structure in solder alloys, formed during the solidi-

fication process as well as the formation of recently

obtained IMCs in Sn-7Zn-2.5In and Sn-7Zn-0.1Fe-

0.1Co solder alloys, could explain the significant

decrease in (q) values.

4.3.2 Impact of alloy addition on Poisson’s ratio

and elastic moduli

Both the stress-to-strain proportion, E, and the pro-

portion of transverse strain (contraction) to axial

strain (elongation) achieved in a uniaxial test, t, are
important factors in technical and engineering

implementation. The stiffness of the solid could be

indicated using the Young’s modulus, where the

greater the E values, the stiffer the alloy. Conversely,

Poisson’s ratio, more than any of the other elastic

constants, could give more information about how

the bonding forces work and how resistant the

material is to be shearing and dilatation. Poisson’s

ratio value is lying between 0 and ? 0.5 relying on

the compressibility of the alloy. As a result, the

smaller the t is, the more brittle the alloy would

become [21, 22]. The obtained experimental data in

Fig. 13 Determination of b, n1 and n from the slopes of ln _� - r,
ln _� - ln r and ln _� - ln [sinh (ar)], respectively, at temperature

of T = 120 �C for a Sn-7Zn, b Sn-7Zn-2.5In and c Sn-7Zn-0.1Fe-

0.1Co solder alloys
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this investigation are shown in Fig. 16 and Table 3.

The data show that the Poisson’s ratio t decreases

from 0.35 to 0.33 with the addition of 2.5In to the

binary Sn-7Zn and increases from 0.35 to 0.38 with

the addition of 0.1Fe and 0.1Co to the binary Sn-7Zn,

demonstrating that Sn-7Zn-0.1Fe-0.1Co exhibits the

higher ductility than the investigated samples. Fur-

thermore, the results suggest that the examined

alloys have a higher ionic contribution in inter-atomic

bonding. In addition, the data in Table 3 and Fig. 16

revealed a variation in Young’s modulus’ (E) values

from 62.6 to 66.7 GPa with In added to the binary Sn-

7Zn and from 62.6 to 60.7GPa with 0.1Fe and 0.1Co

added to the binary Sn-7Zn. This indicates that the

Fig. 14 Temperature

dependence of steady-state

creep rate and the activation

energy (Q) values for Sn-7Zn,

Sn-7Zn-2.5In and Sn-7Zn-

0.1Fe- 0.1Co solder alloys

Table 1 The Creep-Activation

energy (Q), stress exponent

(n) and (a) value for Sn-7Zn,

Sn-7Zn-2.5In and Sn-7Zn-

0.1Fe-0.1Co solder alloys

Alloy Q (KJ/mol) Temperature (�C) a n

Sn-7Zn 25 0.035 5.83

72.6 70 0.045 5.35

120 0.056 4.64

25 0.037 6.3

Sn-7Zn-2.5In 77.4 70 0.047 5.62

120 0.057 5.01

25 0.034 5.48

Sn-7Zn-0.1Fe-0.1Co 67.1 70 0.044 4.99

120 0.054 4.28

Fig. 15 Ultrasonic wave velocities (longitudinal Vl and shear Vs)

and density (q) values for Sn-7Zn, Sn-7Zn-2.5In and Sn-7Zn-

0.1Fe-0.1Co solder alloys

Table 2 Ultrasonic wave velocities (longitudinal Vl and shear Vs)

and density (q) values for the given solder alloys without and with

application of PMS

Alloy Vl (m/s) Vs (m/s) q (Kg/m3)

Sn-7Zn 3424.49 1645.1 7166.65

Sn-7Zn-2.5In 3408.74 1716.5 6956.89

Sn-7Zn-0.1Fe-0.1Co 3878.24 1706.2 6561.06
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variation in E values for the three investigated sam-

ples is related to the chemical composition of the

formed IMCs due to the attributes of ionic bonding

force of these compounds.

Furthermore, the K value for Sn-7Zn is found to be

69.6 GPa, while this value is reduced to 65.4 GPa

when In was added to the binary Sn-7Zn and raises to

83 GPa when 0.1Fe and 0.1Co were added to the

binary Sn-7Zn, implying that Sn-7Zn-0.1Fe-0.1Co has

a high compressibility. The elastic constants reduced

as the t values increased, according to the experi-

mental results listed in Table 3. In fact, Liu et al. [22]

made similar observations. Zhou et al. [23] proposed

an indicator of the scope of the fracture range in

metals by empirically linking the plastic characteris-

tics of materials with their elastic moduli by calcu-

lating the G/K ratio. In their proposal, the material

behaves as either a ductile material if the G/K value

is less than 0.374 or as a brittle material if the values

exceed 0.571 [23, 24]. The lowest G/K ratio found in

this study was 0.23 for Sn-7Zn-0.1Fe-0.1Co, followed

by 0.279 for Sn-7Zn, and finally 0.313 for Sn-7Zn-2.5.

Because the G/K ratios are all less than 0.374, all the

investigated samples act as ductile materials. Even

though the previous procedure is overly simplistic, it

exposes the ductility tendency of the investigated

alloys.

4.3.3 Impact of alloy addition on the attenuation

coefficient (a) and hardness (H)

The percentage of energy loss suffered by a US plane

wave per unit length of a solid specimen, a, is one of

the US parameters that must be considered. Attenu-

ation in polycrystalline materials is thought to be

primarily caused by the reorientation and diversion

of energy (scattering) by precipitates and grains.

Thus, how factors like the chemistry of IMCs, the

structure, as well as the dimensions, form, kind, and

volume fraction of the precipitates affect the scatter-

ing that occurs because of the interaction with

material deficiency comparable to one wavelength in

size can be detected [2]. It is assumed that the inci-

dent wave energy can be expected to be reradiated if

the IMCs act as oscillators with their own natural

frequency. As a result, the scattered wave amplitude

and frequency are determined by the damping

degree of the oscillator of the surrounding medium.

Thus, variations in the value of a should be linked not

only to the preceding parameters but also to the

homogeneity levels attained by the matrix with the

alloying element additions. As shown in Fig. 17 and

Table 4, it was discovered that the value of the a for

Sn-7Zn is 446.18 ± 57 dB/m, which was reduced to

167.44 ± 57 dB/m with the addition of In to the

primary Sn-7Zn solder alloy, and increased to

731.19 ± 57 dB/m with the addition of Fe and Co to

the primary Sn-7Zn solder alloy. The highest values

of the attenuation coefficient in the Sn-7Zn-0.1Fe-

0.1Co solder show that it has a shorter resonant life

than the other solders. This could be due to localizing

intergranular cracking attached to the formation of

IMCs, which allows the vibration cracks spread

mechanism. This could be helpful in making new

solder alloys by choosing the right components and

controlling the attenuation coefficient. The hardness

values of the investigated samples are also shown in

Fig. 17 and Table 4. It was found that the H value of

Sn-7Zn is 2.32 GPa, which is enhanced to 2.84 GPa

with doping Sn-7Zn with 2.5In and dropped to

1.76 GPa with the inclusion of Fe and Co to the main

Sn-7Zn alloy. The increase in the H values when the

IMCs serve as robust implications in the fine matrix

could be due to the kind of atomic bonding forces

between the components of IMCs and the growth of

IMCs volume fraction.

5 Conclusion

The effects of the addition of minor quantities of In,

Fe, and Co on the microstructure, creep properties,

‘‘plastic deformation,’’ and elastic constants of the

Fig. 16 Elastic modulus: shear modulus (G), bulk modulus (K),

Young’s modulus (E), and Poisson’s ratio (t) for Sn-7Zn, Sn-7Zn-
2.5In, and Sn- 7Zn-0.1Fe-0.1Co solder alloys
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hypo-eutectic Sn-7Zn alloy were studied. The fol-

lowing are the prime conclusions based on the

experimental results:

1. From OM and XRD analyses, the addition of

2.5%wt In results in the creation of a new c-InSn4
IMC distributed in the eutectic region and refine

the needle-like Zn phases, whereas the addition

of dual 0.1%wt Fe and 0.1%Co into the binary Sn-

7Zn alloy changes the microstructure signifi-

cantly by forming new coarsening c-Zn21Co5, c-
Co2Sn2Zn, and a-Fe0.92Sn0.08 IMCs.

2. Mechanical tests demonstrated that the Sn-7Zn-

2.5In alloy had significantly lower steady-state

creep rate and fracture time than the binary Sn-

7Zn. The size, shape, and distribution of c-InSn4
IMC in the Sn-7Zn-2.5In eutectic regions, how-

ever, enhance both strength and ductility. This

implies that the Sn-7Zn-2.5In is a visco-plastic

material, whereas coarsening IMCs formed due

to Fe and Co additions to the Sn-7Zn that reduces

the strengthen effects.

3. The activation energies of the Sn-7Zn alloy were

72.6 kJ/mol, 77.4 kJ/mol for the Sn-7Zn-2.5In,

and 67.1 kJ/mol for the Sn-7Zn-0.1Fe-0.1Co. This

shows that the deformation mechanism trans-

formed from pipe to lattice self-diffusion mech-

anism for Sn-7Zn-2.5In, while both binary Sn-7Zn

and quaternary Sn-7Zn-0.1Fe-0.1Co are con-

trolled by a pipe diffusion mechanism.

4. The elastic modulus is linked to the creation of

new IMC phases. The Sn-7Zn-2.5In solder was

found to be the most favorable due to a better mix

of strength and ductility than the other three

alloys.

5. The Poisson’s ratio values decreased from 0.35 for

Sn-7Zn to 0.33 for In microalloying and 0.38 for Fe

and Co microalloying, indicating that the Pois-

son’s ratio reduces as the elastic modulus values

increase.

6. Most manufacturing difficulties can be solved by

using the right components and a good control

technique.
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Table 3 Experimental values

of shear modulus (G), bulk

modulus (K), G/K ratio,

Young’s modulus, and

Poisson’s ratio (t)

Alloy G (GPa) K (GPa) G/K E (GPa) t

Sn-7Zn 19.4 ± 0.1 69.6 ± 0.3 0.279 62.6 ± 0.1 0.35 ± 0.008

Sn-7Zn-2.5In 20.5 ± 0.1 65.4 ± 0.3 0.313 66.7 ± 0.1 0.33 ± 0.008

Sn-7Zn-0.1Fe-0.1Co 19.1 ± 0.1 83 ± 0.3 0.23 60.7 ± 0.1 0.38 ± 0.008

Fig. 17 Hardness (H) and attenuation coefficient (a) values for

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

Table 4 Hardness (H) and attenuation coefficient (a) values for

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

Alloy H (GPa) a (dB/m)

Sn-7Zn 2.32 ± 0.007 446.18 ± 57

Sn-7Zn-2.5In 2.84 ± 0.007 167.44 ± 57

Sn-7Zn-0.1Fe-0.1Co 1.76 ± 0.007 731.19 ± 57
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