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ABSTRACT

Tellurium (Te) was added to SAC105 solder alloy to improve various properties.

The effects of Te on the microstructure, melting behavior, mechanical properties,

and wettability of the solder alloy were studied. The microstructure of SAC105

solder included a primary b-Sn phase and Ag3Sn and Cu6Sn5 IMC phases. The

addition of Te led to the formation of a SnTe IMC phase in the solder matrix and

coarsened the b-Sn phase and IMC phases. Te slightly affected the melting

temperature and pasty range but increased the undercooling of the solder alloy.

Adding Te to SAC105 solder increased yield strength (YS), ultimate tensile

strength (UTS), and hardness due to the second-phase strengthening effect, but

adding more than 0.5 wt.% Te reduced both YS and UTS due to coarsening of

the microstructure. The fracture surface of SAC105 solder indicated a ductile

fracture mode, but a mixed ductile–brittle fracture mode developed with

increments of added Te. Te improved the wettability of the solder alloy, but the

thickness of IMC layers was not significantly changed by Te content. Our

findings suggested that 0.5 wt.% Te was the optimal amount to add to SAC105

solder.

1 Introduction

Solder alloys are important materials for the fabrica-

tion of integrated circuits and electronic devices.

Lead-containing solders such as Sn–Pb solder are

popular because of their low melting point, superior

solderability, and low price. However, when elec-

tronic devices are discarded, the hazardous lead in

the used solder poses a threat to both human health

and the environment [1]. Therefore, Pb-based solder

alloys have been replaced by more recently

developed lead-free solder alloys such as Sn–Cu [2],

Sn–Bi [3], Sn–Ag [4], Sn–Ag–Cu [5], Sn–Cu–Ni [6],

Sn–Ag–Cu–Zn [7], and Sn–Sb [8]. The Sn–Ag–Cu

(SAC) solder group has been widely applied, partic-

ularly SAC solder alloys with Ag contents C 3 wt.%,

such as Sn–3.0Ag–0.5Cu (SAC305). These solder

alloys have high mechanical strength, good solder-

ability and perform well at higher temperatures but

do present some disadvantages. Since SAC305 solder

has a higher melting point than Sn–Pb solder, coarse

Ag3Sn intermetallic compound (IMC) phases can
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form during soldering. IMCs can weaken solder

joints, and the reliability of joints can be reduced by

the growth of IMC layers along the solder–pad

interface during soldering [9, 10]. Also, the cost of the

high Ag content in SAC305 solder has become a big

issue in industrial solder production, prompting the

development in recent years of cheaper SAC solder

alloys with Ag content\ 2 wt.%. Solder alloys such

as Sn–0.3Ag–0.7Cu (SAC0307) and Sn–1.0Ag–0.5Cu

(SAC105) have come to the fore but some properties

of these newly developed lead-free solders are not as

good as the same properties of Sn–Pb solder alloys.

Their melting points are higher, wettability lower,

and they have weak fatigue properties [11–14]. These

shortcomings of low-Ag solders can be improved by

the minor addition of other elements to resolve the

issues they cause. For example, Chen et al. [12] added

Bi to SAC105 solder alloy. They found that Bi

decreased the thickness of the IMC layer that formed

between the solder and substrate and increased shear

strength. The reliability of the SAC105 solder joints

was significantly improved. Mahdavifard et al. [15]

found that the ultimate tensile strength (UTS), yield

strength (YS), and total elongation of SAC105 solder

with additions of Fe and Bi did not change after aging

treatment. Bi inhibited chemical reactivity between

Sn and Cu or Sn and Ag, reducing the formation of

Cu6Sn5 and Ag3Sn IMC phases. Furthermore, Fe

atoms partially dissolved in the Cu6Sn5 phase,

reducing the coarsening of the microstructure. The

hardness of the SAC105 solder was also increased. El-

Daly et al. [16] reported that the addition of Ni and Sb

to an SAC105 solder reduced undercooling, increased

the eutectic area, and enlarged the volume of the

proeutectic fraction. The refined dendritic size and

improved creep resistance extended the lifetime of

the solder joint. El-Daly et al. [17, 18] reported that

the addition of Te and Co to Sn-1.7Ag-0.7Cu

(SAC177) solder refined the Ag3Sn, and Cu6Sn5 IMC

phases and led to the formation of (Cu, Co)6Sn5 and

Co3Sn particles. Te reacted with Sn to form new

hexagonal SnTe particles within the eutectic and

dendritic regions of the solder. The SnTe phase hin-

dered the growth of Cu6Sn5 and Cu3Sn IMCs at the

interface between solder and substrate by reducing

the driving force. Hence, the Te and Co microalloying

elements increased the mechanical properties and

microelectronic reliability of the SAC177 solder.

A review of the literature showed that minor

additions of certain elements can improve properties

and modify the microstructure of low Ag-content

solder alloys. This research presents studies of the

effects of Te on the microstructure and thermal and

mechanical properties of SAC105 solder alloys. The

solder alloys were jointed with a copper substrate to

evaluate wetting properties such as the spreading

area and contact angle of the solder joints.

2 Experimental procedure

2.1 Sample preparation

The solder alloys were prepared in four different

compositions: Sn–1.0Ag–0.5Cu (SAC105), Sn–1.0Ag–

0.5Cu–0.5Te (SAC105-0.5Te), Sn–1.0Ag–0.5Cu–1.0Te

(SAC105-1.0Te), and Sn–1.0Ag–0.5Cu–1.5Te

(SAC105-1.5Te). High-purity (99.95 wt.%) Sn, Ag, Cu,

and Te ingots were melted in an electric furnace at

400 �C for 4 h under ambient conditions. The liquid

solder was then homogenized by mechanical stirring.

Prior to casting, the melt temperature was lowered to

250 �C to prevent oxidation and a steel mold was

preheated to 200 �C to prevent the melt solidifying

during casting. The alloy was then poured into the

heated steel mold and allowed to cool naturally to

room temperature. For tensile testing, samples were

machined according to ASTM E8 standards. To pre-

pare the alloys for the soldering process, ingots of the

as-cast alloy were rolled to a thickness of 3 mm and

then compressed using a hydraulic press to create

solder wire with a diameter of 3 mm. Copper pads

with dimensions of 25.4 mm 9 25.4 mm 9 0.3 mm

were used as the substrate, and before use were

abraded using SiC papers, submerged in diluted HCl

for 30 min, rinsed with ethanol, and dried using an

air blower.

2.2 Sample characterization

Before microstructural observation, samples under-

went metallographic preparation. The microstructure

was observed by scanning electron microscopy (SEM,

Hitachi, SU3900). Phase identification was performed

using energy dispersive X-ray spectroscopy (EDS,

Oxford, X-MaxN20) and X-ray diffraction analysis

(XRD, PANalytical Empyrean). The thermal charac-

teristics of solder alloys were analysed using a dif-

ferential scanning calorimeter (DSC, NETZSCH, DSC

200 F3 Maia). Samples were heated and cooled from
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30 �C to 300 �C in a nitrogen atmosphere at heating

and cooling rates of 10 �C/min to produce heating

and cooling curves. Tensile tests were conducted on a

universal testing machine (UTM, Instron 5569) at a

constant strain rate of 1.5 mm/min at room temper-

ature. Three test results were averaged to determine

tensile strength values. The average microhardness of

solder alloys was determined using the Vickers

microhardness test (INNOVATEST, NOVA 130/240)

at a load of 200 g and a dwell time of 10 s. The

spreading of solder alloys was investigated using the

sessile drop (SD) method [19] on a Cu substrate. In

this procedure, the solder wire was placed on a Cu

substrate with a small amount of rosin mildly acti-

vated (RMA) flux. The sample was then placed on a

heating plate, heated to 250 �C, held for 2 min, then

removed from the heating plate and allowed to cool

to room temperature. Samples received after the

spreading tests were called reflowed samples (Fig. 1)

and were used to measure contact angles and

spreading areas according to the Japanese Industrial

Standard JIS-Z3198-3 [20]. The wettabilty of each

tested solder alloy was reported as the average of
Fig. 1 Illustration of the spreading test setup

Fig. 2 SEM micrographs are of a SAC105, b SAC105-0.5Te, c SAC105-1.0Te, and d SAC105-1.5Te solder alloys
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three samples. For microstructure observation and

evaluation of the interfacial layer between solder and

Cu substrate, reflowed samples were cut perpendic-

ular to the plane of the interface, mounted in epoxy

resin, and polished.

3 Results and discussion

3.1 Microstructure observation

The microstructures in the SAC105 base solder con-

sisted of needle-like Ag3Sn IMCs and globular par-

ticles of Cu6Sn5 IMCs within a b-Sn matrix (Fig. 2a)

[14–16]. The solder alloys containing Te presented

SnTe IMC particles within the eutectic area, and the

number of SnTe IMC particles formed increased with

increments of Te content (Fig. 2b–d). Sn and Te atoms

could react in the liquid state to form SnTe. The

nucleation rate of SnTe increased when the temper-

ature was reduced, which promoted the development

of SnTe IMC particles [17, 18]. The XRD study sup-

ported the SEM observations of IMC phases in the

solder alloys. The XRD pattern of the SAC105 base

solder showed mostly strong peaks attributed to the

b-Sn phase and small peaks attributed to Cu6Sn5 and

Ag3Sn IMC phases (Fig. 3a). SnTe IMC phases within

the solder matrix were represented by small peaks at

approximately 28–408 2h in the XRD patterns of

SAC105-0.5 and SAC105-1.5 solder alloys (Fig. 3b, c).

The phase compositions of SAC105 and SAC105-

1.5Te solder alloys (Fig. 4a and b) were identified by

EDS analysis. Only Ag3Sn and Cu6Sn5 IMC phases

were detected in the solder matrix of the SAC105

solder. Their respective compositions were 71.0 at%

Ag and 29.0 at% Sn (Fig. 4c spectrum 1), and 51.1 at%

Cu and 48.9 at% Sn (Fig. 4d spectrum 2). The

SAC105-1.5Te solder presented Cu6Sn5, SnTe, and

Ag3Sn IMC phases in the solder matrix. The compo-

sitions of these phases were 37.7 at% Cu and 62.3 at%

Sn (Fig. 4e spectrum 3), 56.7 at% Sn and 43.3 at% Te

(Fig. 4f spectrum 4), and 47.2 at% Sn, 51.9 at% Ag,

and 0.9 at% Te (Fig. 4g spectrum 5). The phase

compositions of the solder alloys were summarized

in Table 1.

3.2 Thermal analysis

Thermal analysis using DSC revealed the thermal

behavior of the SAC105, SAC105-0.5Te, SAC105-

1.0Te, and SAC105-1.5Te solder alloys. The DSC

heating curves of all the solder alloys displayed two

endothermic peaks (Fig. 5a–d). The first peak indi-

cated the eutectic temperature, and the second peak

the melting point of the primary b-Sn phase [16, 21].

The addition of Te slightly affected the melting

behavior of the SAC105 solder. These results were

consistent with reports of SAC177-0.2Te solder by El-

Daly et al. [18]. According to Li et al. [22], solder

alloys should have a small pasty range that does not

exceed 30 �C. Since the SAC105-0.5Te, SAC105-1.0Te,

and SAC105-1.5Te solder alloys had pasty ranges of

11.3 to 12.7 �C, they could be used under the same

circumstances as the conventional SAC105 alloy. The

solidification behavior of solder alloys is affected by

the degree of undercooling, defined by Tonset heating

minus Tonset cooling. The addition of Te significantly

increased the degree of undercooling of the solder

alloy. The undercooling of the SAC105 solder was

11.5 �C, while the undercoolings of the SAC105-

0.5Te, SAC105-1.0Te, and SAC105-1.5Te alloys were

12.6, 17.4, and 20.1 �C, respectively (Table 2).

Increased undercooling was reported to hinder

nucleation of the b-Sn phase during solidification of

Pb-free Sn-based solder alloys [13, 23]. Therefore, in

the present study, due to their greater amounts of

undercooling, the alloys containing Te produced

larger primary b-Sn grains compared to the SAC105

Fig. 3 XRD patterns were produced by a SAC105, b SAC105-

0.5Te, and c SAC105-1.5Te solder alloys
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Fig. 4 SEM micrographs are of a SAC105 and b SAC105-1.5Te. Both alloys were analyzed by EDS. SAC105 presented c an Ag3Sn

IMC, and d a Cu6Sn5 IMC. SAC105-1.5Te presented e a Cu6Sn5 IMC, f an SnTe IMC, and g an Ag3Sn IMC
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solder. These findings were consistent with observa-

tions of the microstructures of SAC105-0.5Te,

SAC105-1.0Te, and SAC105-1.5Te (Fig. 2). The melt-

ing, solidus, and liquidus temperatures and pasty

range of the solder alloys were summarized in

Table 3.

Table 1 Phase compositions of solder alloys (at.%) identified by

EDS analysis

Spectrum No Sn Ag Cu Te

1 29.00 71.00 – –

2 48.89 – 51.11 –

3 62.29 – 37.71 –

4 56.75 – – 43.25

5 47.19 51.89 – 0.92

Fig. 5 DSC heating and cooling curves of a SAC105, b SAC105-0.5Te, c SAC105-1.0Te, and d SAC105-1.5Te solder alloys
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3.3 Mechanical properties

All the solder alloys displayed elastic and plastic

deformation behavior before fracture (Fig. 6a–d). The

addition of Te affected the YS, UTS, and elongation

(%EL) of the solder alloy. The YS increased from 18.3

for SAC105 to 25.5 MPa for SAC105-0.5Te. UTS

increased from 27.9 for SAC105 to 41.9 MPa for

SAC105-0.5Te. %EL decreased from 32.0% for

SAC105 to 16.3% for SAC105-0.5Te (Fig. 6e). These

differences were due to differences in the

microstructures of the alloys. The increased strength

of the solder alloy was mainly derived from second-

phase strengthening due to the formation of SnTe

IMC particles in the solder matrix [17, 18]. Moreover,

the addition of more than 0.5% Te tended to decrease

the YS and UTS of the solder alloy by coarsening the

microstructure (Fig. 2c–d). The hardness tests

showed that only slight increases in hardness were

obtained with the addition of Te (Fig. 6f), which were

results of the formation of SnTe IMC particles in the

solder matrix. The mechanical properties of the sol-

der alloys were summarized in Table 4. Following

tensile testing, the fracture morphologies of the sol-

der alloys were analyzed by SEM. The fracture sur-

face of the SAC105 solder alloy showed a heavily

dimpled morphology, suggesting a plastic deforma-

tion prior to fracture, and a ductile fracture mecha-

nism (Fig. 7a). All the SAC105 solder alloys

containing Te exhibited a mixed ductile and brittle

fracture behavior. The fracture surface showed dim-

ples and cleavage planes, indicating the occurrence of

both ductile and brittle fracture mechanisms (Fig. 7b–

d). The changes in fracture mechanism were consis-

tent with the ductility of the solder alloys indicated

by tensile testing.

3.4 Wettability

The SAC105, SAC105-0.5Te, SAC105-1.0Te, and

SAC105-1.5Te solder alloys all spread out on the Cu

substrate and formed a clear wetting ring (Fig. 8a–d).

The wettability of the solder alloys was evaluated

from the spreading area of the solder and the contact

angle (h) formed between the solder and the substrate

(Fig. 9). The spreading area of the solders containing

Te were larger than the spreading area of the SAC105

solder. The spreading area of SAC105-0.5Te was

approximately 31.5 mm2, or 21.6% larger than that of

the SAC105 solder (Fig. 9a). The contact angles

between the Cu substrate and the reflowed samples

containing Te were smaller than the contact angle

between the SAC105 reflowed sample and the sub-

strate (Fig. 9b). The contact angles of the SAC105-

0.5Te, SAC105-1.0Te, and SAC105-1.5Te reflowed

samples were 36.6�, 45.9�, and 45.1�, respectively,

whereas the contact angle of the SAC105 reflowed

sample was 52.3 ± 0.3 (Table 5). The contact angles

Table 2 The undercooling of

the studied solder alloys was

calculated from the DSC

heating and cooling curves

Solder alloy (Tonset, �C)
Heating

(Tonset, �C)
Cooling

Undercooling (�C)
(Theating–Tcooling)

SAC105 217.6 206.1 11.5

SAC105-0.5Te 218.3 205.7 12.6

SAC105-1.0Te 217.4 199.9 17.4

SAC105-1.5Te 218.0 197.8 20.1

Table 3 Data from the heating curves show the melting temperature (Tm), solidus temperature (Tonset), liquidus temperature (Tend), and

pasty range of the studied solder alloys

Solder alloy Tm1 (�C) Tm2 (�C) Tonset (�C) Tend (�C) Pasty range (�C)
(Tend - Tonset)

SAC105 222.5 229.8 217.6 230.9 13.3

SAC105-0.5Te 223.5 228.5 218.3 229.8 11.4

SAC105-1.0Te 222.8 229.0 217.4 230.1 12.7

SAC105-1.5Te 223.5 228.0 218.0 229.4 11.3
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Fig. 6 The stress–strain curves are of a SAC105, b SAC105-0.5Te, c SAC105-1.0Te, and d SAC105-1.5Te solder alloys. The bar charts

show e YS-UTS-%EL and f hardness of the same alloys, identified by tellurium content
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Table 4 The yield strength

(YS), ultimate tensile strength

UTS, elongation (%EL) and

hardness of the solder alloys

Solder alloy Mechanical properties

YS (MPa) UTS (MPa) %EL Hardness (HV)

SAC105 18.3 ± 2.0 27.9 ± 0.3 32.0 ± 1.0 10.5 ± 0.2

SAC105-0.5Te 25.5 ± 1.3 41.9 ± 1.2 16.3 ± 0.6 12.4 ± 0.3

SAC105-1.0Te 24.2 ± 1.4 39.5 ± 0.6 21.7 ± 1.5 13.9 ± 0.3

SAC105-1.5Te 23.1 ± 1.0 38.2 ± 0.2 20.3 ± 1.2 14.0 ± 0.6

Fig. 7 The shown fracture surfaces are of a SAC105, b SAC105-0.5Te, c SAC105-1.0Te, and d SAC105-1.5Te after tensile testing to

failure
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Fig. 8 Photographs of solder alloy samples after the spreading test show a SAC105/Cu, b SAC105-0.5Te/Cu, c SAC105-1.0Te/Cu, and

d SAC105-1.5Te/Cu
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between the substrate and all the reflowed samples

were within the wetting range denoted accept-

able: h[ 0�\ 30� is considered very good wet-

ting; C 30�\ 40� good wetting; C 40�\ 55�
acceptable wetting; C 55�\ 70� poor wetting; and

h C 70� very poor wetting [24]. Nevertheless, the

addition of Te effectively improved the wettability of

SAC105 solder. The spreading area and contact angle

of the solder alloys were summarized in Table 5.

After the spreading test, the interfaces between the

reflowed samples and the Cu substrate were exam-

ined by SEM. All the samples presented two IMC

layers: a scallop-shaped Cu6Sn5 IMC layer and a thin

Cu3Sn IMC layer between the Cu6Sn5 IMC layer and

the Cu substrate (Fig. 10). The formation of the IMC

layers was due to the diffusion of Cu atoms from the

substrate to the solder alloy, and the diffusion of Sn

atoms from the solder alloy to the substrate [25, 26].

Cu3Sn and Cu6Sn5 IMC phases were reported to form

in Sn-Cu alloy during soldering at temperatures

below 350 �C [27]. The addition of Te enabled the

formation of SnTe IMC phases at the interface

between the solder and the Cu6Sn5 IMC layer

(Fig. 10b–d). EDS analysis of the IMC layers formed

at the SAC105-1.5Te/Cu interface (Fig. 11a) con-

firmed the presence of an SnTe IMC phase (Fig. 11b),

a Cu3Sn IMC layer (Fig. 11c), and a Cu6Sn5 IMC layer

(Fig. 11d). The average thickness (h) of IMC layers

was determined from the SEM images in Fig. 10, and

was calculated from the total area (A) and the length

(Lx) of the IMC layers using image tool software [28].

The total thickness of the SAC105/Cu interface was

about 6.76 lm. The addition of Te to SAC105 solder

did not significantly affect the thickness of IMC layers

in the reflowed samples. The total thickness of IMC

layers was 6.50 lm at the SAC105-0.5Te/Cu and

7.11 lm at the SAC105-1.5Te/Cu. The average total

thicknesses of Cu6Sn5 and Cu3Sn IMC layers were

summarized in Table 6.

4 Conclusion

The effect of Te addition on the microstructure,

melting behavior, mechanical properties, and wetta-

bility of SAC105-xTe (x = 0, 0.5, 1.0, and 1.5) solder

alloys was examined. The following main findings

can be drawn:

1. The microstructure of SAC105 solder exhibited a

primary b-Sn phase and an eutectic area with

Ag3Sn and Cu6Sn5 IMC phases. Increments of Te

Fig. 9 The wettability of the studied solder alloys was assessed from a the spreading area, and b the contact angle formed between the

solder and the Cu substrate

Table 5 The wettability of the

solder alloys Solder alloys Contact angle (h) Spreading area (Sa, mm2)

SAC105/Cu 52.3 ± 0.3 24.7 ± 0.9

SAC105-0.5Te/Cu 36.6 ± 1.7 31.5 ± 1.1

SAC105-1.0Te/Cu 45.9 ± 4.1 27.3 ± 3.2

SAC105-1.5Te/Cu 45.1 ± 1.9 26.1 ± 2.2
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content not only formed new SnTe IMC phases in

the solder matrix but also made the b-Sn phase

and IMC phases coarser.

2. The addition of Te slightly affected the melting

temperature and pasty range but significantly

affected the undercooling of SAC105 solder.

3. With the addition of Te, yield strength, ultimate

tensile strength, and hardness increased signifi-

cantly, and percent elongation decreased signif-

icantly due to the second-phase strengthening

effect. When more than 0.5% Te was added to

SAC105 solder, yield strength and ultimate ten-

sile strength tended to decrease due to the

coarsening of the microstructure.

4. The fracture surface of SAC105 solder displayed a

ductile fracture mode, whereas a mixed ductile–

brittle fracture mode developed in the SAC105-

xTe solder alloys.

5. When Te was added to the SAC105 solder, the

wettability of the solder alloys improved. The

spreading area increased and the contact angle

decreased, but the thickness of IMC layers

formed between the solder and Cu substrate

was not significantly affected.

Fig. 10 SEM photographs show cross-sectional views of reflowed samples of a SAC105/Cu, b SAC105-0.5/Cu, c SAC105-1.0Te/Cu, and

SAC105-1.5Te/Cu
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