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ABSTRACT

Alloys with melting points\ 150 �C are required for the development of flexible

consumer devices. While the eutectic In–48Sn alloy is a promising candidate for

these applications, its low tensile strength and low creep resistance during solid-

state aging are of concern. The addition of Ag can address this issue to some

extent; however, the effect of added Ag on the properties of the alloy is not well

understood. Here, we studied the effects of added xAg (x = 0.5, 1.0, 1.5 wt.%) on

the fusion start temperature, microstructure, and mechanical properties of the

In–Sn eutectic alloy and found that the fusion start temperature of the In–48Sn–

xAg alloy was reduced to around 113 �C due to the ternary eutectic reaction of

In–Sn–Ag, in which e-AgIn2 only formed in the In–48Sn–xAg alloys. In addition,

smaller b-In3Sn and c-InSn4 phases were produced through the formation of e-
AgIn2, which affected the mechanical properties of the alloy. In–48Sn–1.5Ag,

with the smallest grains, exhibited the highest tensile strength of 12.5 MPa via

boundary strengthening. In–48Sn–1.5Ag fractured in transgranular mode,

which is different from the intergranular fracturing of the eutectic alloy with

relatively large grains. Conversely, In–48Sn–0.5Ag, with the highest soft-b-In3-
Sn/hard-c-InSn4 ratio, showed the longest elongation of 64%, which is twice

that of the eutectic In–48Sn alloy.

Introduction

Low-temperature alloys with melting points less than

150 �C are receiving increasing attention for the

development of lighter and more cost-effective

portable consumer devices with polymer substrates

[1–3]. Eutectic Sn–58Bi- and Sn–Bi-based alloys, with

high tensile strength and suitable melting points, are

commonly studied as low-temperature alloys [4–8];

however, they all exhibit brittleness after thermal

aging because of the coarsened bismuth phase, which

is a disadvantage [9]. In addition, their operating
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temperatures exceed 160 �C [6, 7]. On the other hand,

common flexible organic substrates, such as heat-

stabilized polyethylene terephthalate (HS PET) and

polyethylene naphthalate (PEN), require operating

temperatures below 150 �C [10]; hence, these Sn–Bi

alloys cannot be used with flexible organic substrates.

The eutectic In–48Sn alloy, with a melting point of

118 �C and good ductility and wetting behavior, is

the most promising candidate for the above-men-

tioned low-temperature applications [11–13]. Never-

theless, low tensile strength and low creep resistance

are critical concerns in an In–Sn-based alloy during

solid-state aging [14, 15]. Some studies aimed at

improving the mechanical properties of the In–Sn-

based alloy by the addition of trace elements (Zn, Bi,

and Ag) have been reported [16–18]. Among these,

Sn–In alloys with added Ag not only exhibit

enhanced elongation and creep resistance [15, 18, 19],

but their lower electrical resistance has also been

investigated [18]. However, these studies showed

that amounts of Ag[ 2.5% result in higher melting

temperatures. Moreover, the effect of the amount of

Ag in the eutectic In–Sn alloy on the tensile strength

and melting point is important but is not yet well

understood. To address this deficiency, in this study

we investigated the fusion start temperatures,

microstructures, and mechanical properties of In–

48Sn–xAg (ISA) alloys in which x = 0.5, 1.0, and 1.5

wt.%.

Materials and methods

Figure 1 presents a schematic of the experimental

procedure. We fabricated ISA alloys consisting of

commercial In–48Sn eutectic and 0.5, 1.0, and 1.5

wt.% Ag from pure silver wire (99.99%; Nilaco Cor-

poration, Japan). These elements were alloyed at

700 �C for 5 h in an alumina crucible inside a furnace

in a nitrogen atmosphere. The composition of the

new alloys was analyzed as detailed below, the

results of which are summarized in Table 1. Alloy

bars (50 9 10 9 5 mm) were shaped using a casting

mold, and then further shaped into dumbbells by

wire electrical discharge machining (Sodick AG 360L,

Japan). The dimensions of the dumbbells are shown

in Fig. 1. Tensile testing was conducted under a

strain rate of 5 9 10-4 s-1 using a universal tensile

machine (Autograph AG–X, Shimadzu, Japan). The

tensile elongation and ultimate tensile strength (UTS)

were determined from tensile stress–strain curves.

The fracture surface of each tensile specimen was

examined by scanning electron microscopy (SEM;

SU-70, Hitachi, Japan).

The melting behavior of each ISA alloy was

examined by differential scanning calorimetry (DSC;

7020 clinical analyzer, Hitachi, Japan) under a con-

stant flow of N2 in the range of 50–250 �C at a rate of

approximately 10 �C/min. The fusion start tempera-

ture (Tf) was determined as required by the JIS Z

3198-1 standard. The microstructure of the ISAs was

examined after grinding with SiC grit paper in the

order #800, #1200, and #2000, and then successive

polishing with 1.0 and 0.3 lm alumina suspension,

respectively (Buehler, USA). The crystal structure of

the ISA alloys was determined by X-ray diffraction

(XRD; Ultima IV, Rigaku, Japan) in a range of 30�–80�
2h at a scan rate of 1�/min. The microstructure and

the elemental distribution of the ISAs was deter-

mined by SEM and field-emission electron-probe

microanalysis (FE-EPMA; JXA-8530F JEOL). ImageJ

software was used to calculate phase size and

number.

Results and discussion

Melting behavior in relation to alloy phase
constitution and microstructure

The DSC curves for all alloys are shown in Fig. 2a,

from which the fusion start temperatures for the In–

48Sn–0.5Ag (ISA4805), In–48Sn–1.0Ag (ISA4810), and

In–48Sn–1.5Ag (ISA 4815) alloys were determined to

be 112.6, 112.7, and 113.2 �C, respectively, which are

all lower than that of the eutectic In–48Sn alloy

(117.2 �C). The addition of Ag slightly decreases the

fusion start temperature of eutectic In–48Sn, which is

ascribable to the ternary eutectic reaction, and was

calculated by Ohnuma et al. to be 114 �C for Sn–

52.2In–0.9Ag (Eq. (1)). The melting temperature of

Sn-51.7In with 1.0–5.0 wt.% added Ag was predicted

to increase with increasing silver content [20], in

agreement with the results in this study.

L $ b þ c þ Ag2In ð1Þ

The XRD patterns for all alloys are displayed in

Fig. 2b, which reveals the presence of e-AgIn2 in the

new ISA alloys, as observed in other In–Sn–Ag alloys

[19]. Although few studies have reported the
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presence of the Ag2In intermetallic compound (IMC)

in ISA alloys [19, 21], Chuang et al. [22] reported that

Ag2In and AgIn2 compete in In–49Sn/Ag alloyed

specimens during aging. At temperatures under

75 �C, the dominant reaction is:

Figure 1 Schematic of the experimental procedure.

Table 1 Composition of the

eutectic In–48Sn alloy and the

In–48Sn–xAg alloys

Alloy In (wt.%) Sn (wt.%) Ag (wt.%) Other (wt.%)

In–48Sn 52.08 47.91 – 0.01

In–48Sn–0.5Ag (ISA4805) 51.76 47.71 0.52 0.02

In–48Sn–1.0Ag (ISA4810) 51.11 47.84 1.00 0.05

In–48Sn–1.5Ag (ISA4815) 50.93 47.55 1.50 0.02

Figure 2 a DSC curves and b XRD patterns of the various alloys: In–48Sn, ISA4815, ISA4810, and ISA4805.
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Ag2Inþ 3In ! 2AgIn2 ð2Þ

Hence, the Ag-In IMC is transformed from Ag2In

to AgIn2, according to Eq. (2), in ISA alloys during

slow cooling. In addition, EPMA maps of the alloys

are shown in Fig. 3, with EPMA point analyses pro-

viding the elemental content of all phases, as sum-

marized in Table 2. AgIn2, which is circular in shape,

exists in the In3Sn phase in the ISA alloys because the

In-rich phase is required for transformation to occur,

according to Eq. (2). The diameter of the AgIn2 phase

increases with the addition of more Ag, from

0.5–2.0 lm in the ISA 4805 and 4810 alloys to

2.0–4.0 lm in the ISA 4815 alloy, leading to a signif-

icant reduction in the c-InSn4 size. The microstruc-

tures of the eutectic In–48Sn and ISA alloys are

displayed in Fig. 4a–d, which shows that the In-rich

b-In3Sn appeared as dark regions, while the light

areas correspond to c-InSn4 [14, 19]. We measured the

area and number of phases, as summarized in

Fig. 4e–g, which shows that the b-In3Sn ? e-AgIn2
phases in ISA4815 (135 lm2) are smaller than b-In3Sn
in eutectic In–48Sn (270 lm2). Moreover, the c-InSn4
phase in eutectic In–48Sn is, on average, 215 lm2 in

size; ISA4805 and ISA4810 show similar c-phases that
are approximately 120 lm2 in size, while the average

c-InSn4 phase in ISA4815 was found to be 300%

smaller (65 lm2), as shown in Fig. 4f. The b-In3Sn/c–
InSn4 ratio and the total number of phases in each

alloy are displayed in Fig. 4g. The size of grains or

phases in alloys is usually determined by the number

of nucleation sites during solidification. When Ag

was added to the eutectic In–48Sn alloy, the e-AgIn2
formed along the phase boundaries created addi-

tional sites for nucleation during cooling. Therefore,

the addition of Ag affects the size of the phases, and

its effects on the mechanical properties of the ISA

alloys need to be considered.

Mechanical properties of alloys

The tensile strength and elongation of the alloys are

presented in Fig. 5, which reveals that eutectic In–

48Sn and ISA4810 exhibit the same tensile strength of

about 10.5 MPa, while ISA4805 exhibits a lower ten-

sile strength of 9.3 MPa, and the ISA4815 alloy exhi-

bits the highest tensile strength of 12.5 MPa, as

shown in Fig. 5a. In addition, the elongation of the

new alloys was improved due to the addition of Ag,

as is clearly evident in Fig. 5b, which shows that the

ISA4805 alloy presents the greatest elongation of 64%,

which is twice that of the eutectic In–48Sn alloy

(32%), followed by ISA4810 (52%) and ISA4815 (46%).

The new alloys exhibit higher elongation but lower

tensile strength compared with the eutectic Sn-58Bi

alloy, namely 37.5% and 48.0 MPa, respectively [5].

The microstructure of a metal has an essential

effect on its mechanical properties. As the

microstructure was observed to change in this study,

we were concerned about the impact of any change

on the mechanical properties of the resultant alloys.

Figure 5 shows typical stress–strain curves and a

fracture image for each alloy; the maximum stress

point and maximum strain in each curve determine

the tensile strength and elongation of the alloy,

respectively. The stress–strain curve of In–48Sn is

typical of the ductile mode, with little plastic defor-

mation; the curve tends to bulge before significantly

dropping, while the specimen shows a typical brittle

mode with planar stress fractures on inclined planes.

We note that the eutectic In–48Sn alloy exhibits

moderately ductile fracturing [19] or semi-ductile

behavior. Conversely, the ISA samples exhibit ductile

behavior with superior strain; the curves transit

smoothly and fall slightly with the extensional tail-

ing, in agreement with their macroscopic fracture

morphologies, in which ISA4805 shows extreme

elongation, with the longest necking region, followed

by the ISA4810 and ISA4815 alloys. This alloy

behavior is consistent with the elongation values, as

shown in Fig. 5b.

The tensile strength was improved by the addition

of more than 1.0 wt.% Ag. In particular, the ISA4815

alloy exhibited the highest tensile strength of

12.5 MPa. Mechanical strength depends on the dis-

location capacity during plastic deformation [23], and

the dislocations that accumulate at grain or phase

boundaries induce grain-boundary strengthening in

metals [24]. Therefore, the tensile strength of ISA4815

may be enhanced by its significantly smaller phases,

as shown in Fig. 4e, f.

Figure 6a, b present dislocation-density gradients

in large and small grains. The grain boundary is

weakened in a large grain when a considerable dis-

location-density gradient exists between the grain

interior and the grain boundary, as shown in Fig. 6a

[23]. Intergranular fracturing usually occurs in crys-

tals with larger grains, because dislocation accumu-

lations propagate cracks at grain boundaries during

tensile testing [24]. Conversely, as shown in Fig. 6b,
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the grain boundaries are not the weakest regions

during tensile testing in smaller grains with more

uniform dislocation distributions, and transgranular

fracturing, as opposed to intergranular fracturing, is

observed.

Fracture images following tensile testing are shown

in Fig. 6c–f, with phases determined by energy-

Figure 3 EPMA maps of the

In-48Sn, ISA4805, ISA4810,

and ISA4815 alloys and the

locations of the EPMA points

listed in Table 2.

Table 2 Elemental

composition of the points

highlighted in Fig. 3

Points Ag (at.%) In (at.%) Sn (at.%) Proposed IMC

1–3 30.28–35.88 59.18–69.41 0.26–7.45 e-AgIn2
4–7 0.02–1.71 74.82–77.16 22.81–23.47 b-In3Sn
8–11 0.31–1.69 23.87–24.62 73.69–75.82 c-InSn4
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dispersive spectroscopy (EDS). Figure 6c reveals that

the eutectic In–48Sn, with the largest phases, exhibits

intergranular fracturing through cleavage along the

grain boundaries. Each cracked grain is differently

oriented to give a crystalline structure that resembles

fractured rock candy [25]. The SEM images in Fig. 6d

and e reveal that the phases in ISA4805 and ISA4810

are elongated through grain boundary sliding (GBS)

motions along their tensile axes as well as cleavage

that leads to grain cracking inside the phase [23]. On

the other hand, the ISA4815 alloy, with the largest

number of small phases (Fig. 4), shows the most

transgranular fractures, with collision areas (Fig. 6f)

and the highest tensile strength, as shown in Fig. 5a.

From another point of view, the ISA samples all

exhibit better elongation than the eutectic In–48Sn

alloy. The c-InSn4 in the ISA4805 alloy, which is

known to be a hard phase [14], experiences a

Figure 4 SEM images of various alloys (91000 magnification): a In–48Sn, b In–48Sn–0.5Ag, c In–48Sn–1Ag, and d In–48Sn–1.5Ag;

e, f grain calculation of the phases in each alloy; g b-In3Sn/c-InSn4 ratios and the total number of grains in each alloy.

Figure 5 a Representative

stress–strain curves and

fracture morphologies (SEM

images) of various alloys;

b elongation of the In-48Sn,

ISA 4805, ISA 4810, and ISA

4815 alloys.
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significant decrease in phase area (Fig. 4f), while the

soft-b-In3Sn phase [14] is slightly reduced in size

(Fig. 4e), leading to the highest b-In3Sn/c-InSn4 ratio
among the ISA alloys, as shown in Fig. 4g. On the

other hand, the ISA4805 alloy, with the smallest Ag

content, exhibits the lowest number of grains, while

ISA4815, with the highest Ag content, shows the

highest number of small grains among of the ISA

alloys. In addition, as shown in the EPMA maps in

Fig. 3, fewer hard c-InSn4 regions are observed in the

ISA alloys; the e-AgIn2 is formed in the b-In3Sn
phases due to the consumption of some of the In

atoms, and near b-In3Sn/c-InSn4 phase boundaries.

Although the b-In3Sn regions in the ISA alloys

include e-AgIn2 formations, hardness is largely

dominated by the soft-b-In3Sn phase. Accordingly, it

is reasonable that ISA4805, with the highest b-In3Sn/
c-InSn4 ratio and without a large number of small

grains or phases for grain-boundary strengthening, is

the softest among the alloys. Therefore, this study

Figure 6 a, b Dislocation-

density gradients in large and

small grains; and fracture

images of c In–48Sn,

d ISA4805, e ISA4810, and

f ISA4815 after tensile testing.
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reveals that the addition of Ag affects not only tensile

strength, but also the elongation of the eutectic In–

48Sn alloy.

Conclusions

In this study, eutectic In–48Sn was alloyed with

0.5–1.5 wt.% Ag to lower its fusion start temperature

and enhance its mechanical properties. Due to the

ternary eutectic reaction, the fusion start tempera-

tures of the ISA alloys were all about 113 �C, which is

lower than that of the eutectic In–48Sn alloy (117 �C).
e-AgIn2 formed in b-In3Sn phases and near b-In3Sn/
c-InSn4 boundaries in the ISA alloys following the

addition of Ag, which reduced the average areas of

both b-In3Sn phases and c-InSn4 phases; these smaller

phases enhanced tensile strength and altered the

fractured mode. ISA4815, with the smallest phases,

was the strongest among the alloys, with a tensile

strength of 12.5 MPa; this alloy fractured in trans-

granular mode, as commonly seen in crystals with

small grains. In addition, all ISA alloys exhibited

better elongation than the eutectic In–48Sn alloy,

which is ascribable to smaller hard c-InSn4 regions.

Among the alloys, ISA4805, with the highest soft-b-
In3Sn/hard-c-InSn4 ratio and devoid of very small

phases, was the softest, with elongation of 64%.

Therefore, the addition of Ag clearly influences the

melting point, microstructures, tensile strength, and

elongation of the eutectic In–48Sn alloy.
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