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Abstract—In the present study, the changes in microstructure, thermal conductivity (K), melting properties
and microhardness (HV) adding of 0.05 wt % Al, Ag and Sb into Zn—5Sn—2Cu—1.5Bi (ZSCB) high tempera-
ture solder alloy were investigated. The addition of trace amounts of Al, Ag and Sb caused a significant
improvement in K and HV values. Addition of 0.05 wt % of Al and Ag into the ZSCB alloy increased the K
and HV values by 62% and in the range of 19—21%, respectively. The addition of 0.05 wt % of Sb increased

the K'and HV values by 32 and 36%, respectively.
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INTRODUCTION

After understanding the irreversible damage of lead
to human health and the environment, the use and
development of lead-free solder alloys has gained
importance over time. New lead-free solder alloys
have begun to be used as an alternative to traditional
high-temperature lead-containing solder alloys. How-
ever, these alloys do not fully meet all the require-
ments. The understanding and development of the
properties of these alternative alloys in high tempera-
ture applications has been the motivation point for this
field. For these soldering alloys, Zn—Sn, Au—Sn and bis-
muth-based alloys can be considered as the three main
candidate alloys. Each alloy has its own characteristics,
advantages, and disadvantages. but they are considered
usable for high temperature applications [1].

The development of these innovative materials sen-
sitive to joining temperatures [2—5] for shape memory
alloys and piezoelectric ceramic materials is of great
importance. When soldering these materials, the join-
ing temperature (500°C) is always above the transition
temperature range, which will lead to magnetic con-
version of the ceramic and deterioration of the shape
memory properties of these materials [6—8]. Due to
the necessity of soldering these materials, studies have
been carried out to develop low-cost solders with the
most suitable melting temperature. Among the poten-

tial candidates [1, 9, 10] in studies on Zn-based high-
temperature brazing alloys, Zn—Sn alloy has been one
of the preferred solders due to its low cost, superior
mechanical properties, electrical and thermal conduc-
tivity [11, 12]. Besides, the poor corrosion resistance of
zinc can be a disadvantage when the alloys are exposed
to a corrosive environment [13, 14].

High-temperature solders are frequently used in
optical components, automobile circuit boards, step
soldering, assembling circuit modules. Requirements
for high-temperature solders are melting temperature
in the range of 260 to 400°C, softness to preserve joint
structure in relieving thermal stress, small volume
expansion in reflow process, good machinability,
mechanical properties, electrical and thermal conduc-
tivity [2].

In recent studies, Zn—5Sn—2Cu—1.5Bi high tem-
perature solder with 400°C melting temperature has
been developed for soldering problems of functional
materials [2, 15, 16]. In this study, small amounts of
Al, Ag and Sb was added to the alloy to improve the
solder. Then, the effects of these additions on the
microstructure, thermal conductivity, and microhard-
ness of ZSCB and ZSCB—0.05X (X = Al, Ag, Sb) sol-
ders were investigated. Zn has a melting temperature
0f419.5°C. It also makes a strong reaction with copper
and steel. The melting temperatures of alloying ele-
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Table 1. Some thermal properties of Zn—5Sn—2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—0.05X (X = Al, Ag, Sb) alloys

. Solidus Liquids temperature, .
Composition, wt % temperature, K K Peak temperature, K| Melting range, K
Zn—2Cu—1.5Bi—5Sn 680.43 689.22 683.94 8.79
Zn—2Cu—1.5Bi—5Sn—0.05Sb 672.44 693.04 685.52 20.06
Zn—2Cu—1.5Bi—5Sn—0.05Al 678.03 691.52 685.15 13.49
Zn—2Cu—1.5Bi—5Sn—0.05 Ag 678.00 698.22 689.82 20.22

ments and Zn-based alloys can be adjusted to a suit-
able melting temperature between 350—500°C [17]. Sn
and Al are traditional additions to form Zn—Sn [18,
19] and Zn—Al [20, 21] solders, which are widely used
in electrical packaging and soldering of Al alloys.
Studies of Zn—Cu solders used to join copper and steel
at 350—500°C are scarce in the literature [22]. How-
ever, by adding small amounts of Cu, Bi and Sn to Zn
alloys, the new ZSCB high temperature solder has
been developed [15]. Considering all this information,
ZSCB alloy is a promising high-temperature solder,
and its detailed study is thought to be beneficial for
special applications and better material design. There-
fore, the aim of this study was to evaluate the micro-
structure, variation of thermal conductivity with tem-
perature, melting properties and microhardness of
ZSCB and ZSCB—0.05X (X = Al, Ag, Sb) alloys.

EXPERIMENTAL PROCESS
Specimen Preparation

A graphite crucible with a length of 12.0 mm OD X
8.0 mm ID X 50 mm was made using graphite rod. A
1.2 mm diameter hole was drilled in the bottom of the
crucible to accommodate the thermal double alumina
tube. Zn—5Sn—2Cu—1.5Bi and Zn—5Sn—2Cu—
1.5Bi—0.05X (X = Al, Ag, Sb) alloys were melted sep-
arately in a vacuum furnace using 99.99% pure metals.
The casting furnace is used to unidirectionally solidify
the molten alloy into the crucible. The details of the
experimental system can be seen in References [23—24].

Metallographic Processes

The samples were cut into small pieces transversely
with the Micracut 151 off cutting tool. It was then
embedded using a transparent thermoplastic resin.
Grinding and polishing processes were carried out in
Mikrotest Multipol Advanced automatic polishing
machine. Before each polishing step, the samples were
washed with green soap solution and ultrasonically
cleaned for 5 min. In the last step, the samples were
ultrasonically cleaned to remove the colloidal silica
from the polished surface. The samples were then
cleaned with ethanol and dried. After polishing, Zn—
58Sn—2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—0.05X
(X = Al, Ag, Sb) were etched in were etched with 40 g
chromic acid (CrO;), 10 mL hydrochloric acid (HCI),
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1.5 g sodium sulphate (Na,SO,) in 200 ml water for
10—15 s and the samples were cleaned with 20% chro-
mic acid in distillated water. Scanning Electron
Microscopy (SEM) photographs of microstructure of
Zn—5Sn—2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—
0.05X (X = Al, Ag, Sb) alloys are shown in Fig. 1.
Energy Dispersive X-Ray Analysis (EDX) composi-
tion analysis was used to obtain the phases of Zn—
58n—2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—0.05X
(X = Al, Ag, Sb) alloys and the EDX composition
analysis were given in Figs. 2—5.

The Enthalpy of Fusion and the Specific Heat
Change of the Materials

In this study three different compositions of ZSCB
alloy system’s melting temperature, phase transition
temperature and enthalpy values were measured by
using Perkin Elmer (Q 8000) model DSC device.
Approximately 3.5 mg of material was prepared for
each alloy. For each alloy, measurements were taken
starting from room temperature up to 10 K/s with a
heating rate of 773 K under nitrogen gas. Heat flow-
temperature graphs for each system are given in Fig. 6
and Table 1. By using these graphs, the initial, final,
and maximum melting temperatures and transition
temperatures were determined.

Thermal Conductivity Measurements

A longitudinal linear heat flow apparatus was used
for thermal conductivity measurements. Details of the
system are given in [25].

From one-dimensional heat conduction equation
by Fourier’s law for steady state condition, the thermal
conductivity (K) is defined as:

k=28 (1)

AAT
here Q is the net input power, flows through to the
specimen that is taken as the difference between the
input power with specimen and the input power with-
out specimen for every measurement temperature

(O = Ows — Owos), A is the cross-sectional surface

area of the specimen (A4 = nr2), normal to heat flow

direction, AT =T, — 1T, is the temperature difference
between two points into the sample that determined
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Fig. 1. SEM photographs of (a) Zn—2 wt % Cu—1.5 wt % Bi—5 wt Sn, (b) Zn—2 wt % Cu—1.5 wt % Bi—5 wt % Sn—0.05 wt % Al,
(c) Zn—2 wt % Cu—1.5 wt % Bi—5 wt % Sn—0.05 wt % Ag, (d) Zn—2 wt % Cu—1.5 wt % Bi—5 wt % Sn—0.05 wt % Sb alloy systems.
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Fig. 2. SEM photographs and EDX composition analysis of Zn—2 wt % Cu—1.5 wt % Bi—5 wt % Sn.
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Fig. 3. SEM photographs and EDX composition analysis of Zn—2 wt % Cu—1.5 wt % Bi—5 wt % Sn—0.05 wt % Al.

with a data logger, and AX = X, — X, is the distance
between two measurement points that are obtained
from the photos of the thermocouple’s positions.

The sample was heated from room temperature to
20 K below the melting points of the alloys in 10 K
steps and annealed for at least two hours for each step
under steady-state conditions. During the experiment,
a constant linear temperature gradient was obtained
using hot and cold stages, and K-type thermocouples
(0.5 mm diameter) were used to measure the tempera-
tures of the sample. At each temperature value, con-
stant current and potential difference measurements
were made to determine the heat flow through the
sample.

Measurements of Microhardness

Vickers method was used for microhardness mea-
surements. A pyramid diamond tip that has a square sole
and 136° edge angle was used in Future-Tech FM-700
type device. This diamond tip was pricked the surface
of the sample with a load of 25 g and removed after
10 s. The trace’s diagonals that occurred after the tip
process, were measured and by using Eq. (1) Vickers
microhardness values were calculated [26].
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HY =1.854x L.
d

(2)
Here F (kgf) is the applied force and d (mm) is the
average bottom diagonal length.

This uncertainty is defined as U. U= +2% for Zn—
5Sn—2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—0.05X
(X = Al, Ag, Sb) alloy system in 95% safety level (cov-
erage factor K = 2). Table 2 shows the results for every
alloy system.

RESULTS AND DISCUSSION
Microstructures

Figure 1 shows the representative SEM micrograph
of Zn—5Sn—2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—
0.05X (X = Al, Ag, Sb) high-temperature solders.
Regarding the analysis of the EDX curves shown in
Figs. 2—5, the microstructure of ZSCB and ZSCB—
0.05X (X = Al, Ag, Sb) solder consists of light gray
N-Zn matrix, fiber-like B-Sn and white spherical Bi
phases. As shown in Fig. 1 adding 0.05 wt % Al and Ag
does not change the microstructure of present phases
but adding 0.05 wt % Sb really increases the sphericity
ratio of Bi because Bi and Sb are completely soluble
into each other.
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Fig. 4. SEM photographs and EDX composition analysis of Zn—2 wt % Cu—1.5 wt % Bi—5 wt % Sn—0.05 wt % Ag.
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Fig. 5. SEM photographs and EDX composition analysis of Zn—2 wt % Cu—1.5 wt % Bi—5 wt % Sn—0.05 wt % Sb.
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Fig. 6. DSC thermogram of Zn—5Sn—2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—0.05X (X = Al, Ag, Sb) alloy systems at heating

rates of 10°C/min.

The Enthalpy of Fusion and the Specific Heat
Change of Material

DSC analysis was carried out in order to investigate
the fundamental thermal reactions of ZSCB high-
temperature solder during heating. The solidus tem-
perature (75), liquidus temperature (77), and melting

range (AT= T, — T;) of these alloys are calculated and
presented in Table 1.

Additions of Al, Ag and Sb have obvious effects on
the melting property of ZSCB solder during the heat-
ing process. When 0.05% by weight Al, Ag and Sb met-
als were added to the ZSCB high-temperature solder

Table 2. The microhardness values of solid phases for the Zn—5Sn—2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—0.05X (X = Al, Ag, Sb)

Composition, wt %

Microhardness HV, kg mm 2

) T-Zn matrix phase 61.94 £ 591
Zn—2Cu—1.5Bi—5Sn
B-Sn phase 30.61 +5.07
) M-Zn matrix phase 73.62 £ 5.25
Zn—2Cu—1.5Bi—5Sn—0.05Al
B-Sn phase 31.04 £2.52
. 1T-Zn matrix phase 74.98 + 6.52
Zn—2Cu—1.5Bi—5Sn—0.05Ag
[-Sn phase 3435+ 542
. N-Zn matrix phase 84.23 £5.15
Zn—2Cu—1.5Bi—5Sn—0.05Sb
B-Sn phase 38.77 £ 3.81
Vol. 60 No.4 2024
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Table 3. Thermal conductivity values of high-temperature lead-free alloys

. Thermal conductivity Thermal temperature
. Melting . ..
Materials temperature, K at the melting temperature, coefficient,
’ K, W/mK opre, K x1073
Zn—5Sn—2Cu—1.5Bi 683.94 20.74 2.057
Zn—5Sn—2Cu—1.5Bi—0.05Al 685.15 33.56 1.744
Zn—5Sn—2Cu—15Bi—005Ag 689.82 33.56 1.809
Zn—5Sn—2Cu—1.5Bi—0.05Sb 684.89 27.66 1.861
Au—20Sn [1] _ 57 _
Au—12Ge [1] _ 44 _
Au—3Si [1] - 27 _
Sn—5Sb [1] _ 48 _
Pb—5Sn [1] _ 23 _
Zn—(10—30)Sn [1] - 100~110 —
Bi—11Ag [1] _ ~9 _
Pure Zn [28] 692.70 49.50 _
Pure Sn [28] 505 30 -
Pure Cu [28] 1356 165.60 _
Pure Bi [28] 545 17.10 —
Pure Al [28] 933 94.03 —
Pure Ag [28] 1.234 174.80 _
Pure Sb [28] 904 21.8 _

alloy, it decreased the liquidus temperature value of
the alloys and increased the solidus temperature value.
As a result, the melting temperature range of ZSCB—
0.05X (X = Al, Ag, Sb) alloys has expanded. Table 1
also illustrates that the melting temperature range of
ZSCB—0.05Al solder lies in the range of 13°C, which
is lower than 20°C for ZSCB—0.05Ag and ZSCB—
0.05Sb high-temperature solder. ZSCB—0.05X (X =
Al, Ag, Sb) solders have a small melting temperature
range, which could help them avoid manufacturing
issues like vibration sensitivity during wave soldering.
Furthermore, because of alloy shrinkage, it can reduce
the likelihood of fillet lifting phenomena, the inclina-
tion toward porosity, and hot tearing. Consequently,
among the Zn—5Sn—2Cu—1.5Bi—0.05X (X = Al, Ag,
Sb) alloys, ZSCB—0.05A1 has the lowest melting tem-
perature range [2].

Thermal Conductivity Variation with Temperature

The conductivity of Zn—Sn alloys was compared
with the other high temperature solders, which is
shown in Table 3. The K values for the Zn—Sn alloys
exceeds 100 W/mK, while the K values for Pb—5Sn
and Au—20Sn alloys are 36 and 59 W/mK, respec-
tively. Bismuth-based alloys are known to have the
worst thermal conductivity which are smaller than
10 W/mK. Thus, the Zn—Sn alloys have a great advan-
tage as die-attachment solder that must possess excel-
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lent mechanical and thermal properties. In this study,
the variation of thermal conductivity with temperature
for ZSCB alloy adding Al, Ag and Sb metals was inves-
tigated to create different alternatives to die-attach-
ment solders.

In Fig. 7, thermal conductivity-temperature graphs
for the ZSCB and ZSCB—0.05X (X = Al, Ag and Sb)
alloys solid phases have been plotted, and the data are
given in Table 4. As can be seen from Fig. 7, the varia-
tions of Kwit T for ZSCB and ZSCB—0.05X (X = Al,
Ag and Sb) alloys linear decreased.

The thermal temperature coefficients (Oiprc) for
the ZSCB and ZSCB-0.05X (X = Al, Ag, Sb) were
also calculated as 2.05, 1.74, 1.80 and 1.86 (x1073) K/,
respectively from Fig. 7 and are also given in Table 3.

When Table 3 is examined, adding of 0.05 wt % Ag
and Al and increased about 62 and 32% their K values,
respectively according to the K value of ZSCB high-
temperature solder alloy. The K values of pure Ag, Al
and Sb at their melting temperature are 174.80 [27],
94.03 [27] and 21.8 [27] W/mK, respectively. Ag and
Al are good conductor, and the Sb is poor conductor.
Even with the addition of trace amounts of Ag and Al
to the ZSCB alloy greatly increased the K value of the
ZSCB alloy. For this reason, the ZSCB—0.05Ag and
ZSCB—0.05Al alloys can be preferred as an alternative
to die-attachment solders alloys, which should have
excellent thermal properties.
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Fig. 7. The thermal conductivity variations with temperature alloys Zn—5Sn—2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—0.05X (X =
Al, Ag, Sb).

Table 4. The experimental data in the measurement of thermal conductivity variations with temperature for the Zn—5Sn—
2Cu—1.5Bi and Zn—5Sn—2Cu—1.5Bi—0.05X (X = Al, Ag, Sb) alloys

Thermal conductivity K, W/mK
Temperature 7, K
ZSCB ZSCB—0.05Ag ZSCB—0.05A1 ZSCB—-0.05Sb
313 90.62 109.78 102.77 95.58
333 86.18 105.99 98.67 92.33
353 82.49 101.01 95.91 88.54
373 79.23 97.12 91.26 84.34
393 75.87 92.87 87.06 81.27
413 71.40 88.03 83.34 77.23
433 67.21 84.10 79.42 74.33
453 63.54 80.95 76.85 69.99
473 59.89 76.03 73.38 66.88
493 55.29 72.79 69.85 62.04
513 51.46 68.42 66.52 58.86
533 47.11 64.89 62.56 54.76
553 44.93 61.96 58.46 50.73
573 41.48 57.06 55.31 46.87
593 37.81 53.02 51.12 43.97
613 34.56 49.39 47.15 41.28
633 31.94 44.93 43.18 38.65
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Variations of HV with Composition of Phases

Microhardness of the alloys depends upon various
conditions like microstructure, shape of the phases,
presence of hard compound phases in solder matrix,
solubility limit as well as grain size, etc. In the present
study, the HV test was performed to observe the HV
dependence on the microstructural changes.

As mentioned above, adding 0.05 wt % Al, Ag and
Sb to the ZSCB alloy, which is a high temperature sol-
der alloy affected the microstructure of the ZSCB
alloy. When the microstructure photographs in
Figs. 2—5 are examined, it is seen that main three
phases are exist of ZSCB and ZSCB—0.05X (X = Al,
Ag, Sb) alloys. Microhardness value was not deter-
mined from these phases because the grain sizes of the
Bi-rich phase were very small. The microhardness val-
ues of the N-Zn matrix and B-Sn phases for each alloy
are given in Table 2. Also Fig. 8 shows the microhard-
ness results with standard deviation as a function of
alloy composition.

According to the EDX analysis, it was determined
that dark grey phase is 1-Zn matrix phase and light
grey is B-Sn phase. In n-Zn matrix phase (the dark
grey phase) where the zinc is the majority, microhard-
ness values were taken from 10 different regions for
10 s with 25 gr load. As seen in Table 2, while the
microhardness value of the N-Zn matrix phase in the
ZSCB alloy was 61.94 kg mm~2, a significant increase
was observed in the microhardness values of the alloys
obtained when Al, Ag and Sb were added at a weight
ratio of 0.05 to this alloy. When 0.05 wt % Al and Ag
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were added to the ZSCB alloy, the microhardness
value of the n-Zn matrix phase increased by about 19
and 21% respectively, while this value increased by
36% when 0.05 wt % Sb was added.

In this study, the microhardness value of the ZSCB
alloy was found to be 61.94 £ 5.91 kg mm~2, while in
the study by Fei Xing et al. [2], this value was found to
be 58(%+3) kg mm—2. This shows that the obtained
results agree with the literature. In the study by Fei
Xing et al. [2], while the elements added to the ZSCB
alloy increased the microhardness value by 13—17%,
the additives made in this study increased the micro-
hardness value by 19—36%. The microhardness val-
ues of Al, Ag and Sb metals doped to the ZSCB alloy
are 30.04 kg mm~2 [28], 67.57 kg mm~2 [29] and
77.28 kg mm~2 [30] respectively. As seen in Table 2,
the microhardness value of the doped elements is
higher than the microhardness value of the ZSCB
alloy, which increased the microhardness values of the
ZSCB—0.05X (X = Al, Ag, Sb) alloys. When 0.05 Al in
weight was doped to the ZSCB alloy, the microhard-
ness value of the m-Zn matrix phase was 73.62 *
5.25 kg mm~2, while the microhardness value of the
[-Sn phase was 31.04 + 2.52 kg mm~2. When the Zn—
Al [31] binary phase diagram is examined, it is seen
that 0.7% Al in weight is dissolved in Zn at the eutectic
temperature (550 K). Al metal dissolved in the ZSCB
alloy increased the microhardness value of the nN-Zn
matrix phase of the alloy by 19%, while it did not have
a significant effect on the microhardness value of the
B-Sn phase. In the ZSCB—0.05Ag system, the micro-
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hardness value of the nN-Zn matrix phase is 74.98 *+
6.52 kg mm~2, while the microhardness value of the
B-Sn phase is 34.35 + 5.42 kg mm~—2. When Zn—Ag
[31] binary phase diagram is examined, it is seen that
3% Ag is dissolved in Zn at eutectic temperature
(704 K). Ag dissolved in the ZSCB alloy increased the
microhardness value of the n-Zn matrix phase of the
alloy by 21%, while it increased the microhardness
value of the 3-Sn phase by 12%. In the ZSCB-0.05Sb
system, the microhardness values of the 1-Zn matrix
and B-Sn phases were determined as 84.23 £ 5.15 and
38.77 £ 3.81 kg mm~2, respectively. When Zn—Sb [31]
phase diagram is examined, it is seen that there is no
Sb solubility in Zn. However, Bi—Sb [31] phase dia-
gram is an isomorphic phase diagram with full solubil-
ity. Antimony is among hard metals with a microhard-
ness value of 77.28 kg mm~—2 [30]. Antimony dissolved
in the ZSCB alloy, increased the microhardness value
of the N-Zn matrix phase by 36% and the microhard-
ness value of the B-Sn phase by 26% in the ZSCB—
0.05Sb alloy.

CONCLUSIONS

Following conclusions can be made based on the
results:

(1) As determined by EDX, the microstructure of
ZSCB and ZSCB—-0.05X (X = Al, Ag, Sb) solder
alloys consist of a light gray—Zn matrix, fiber-like—
Sn, and white spherical Bi phases.

(2) The addition of 0.05 percent by weight Al, Ag,
and Sb metals to the ZSCB high-temperature solder
alloy reduced the liquidus temperature value while
increasing the solidus temperature value. As a result,
the melting range of ZSCB—0.05X (X = Al, Ag, Sb)
solder alloys have increased.

(3) Adding 0.05 percent by weight of Ag and Al and
Sb metals are added into the ZSCB high-temperature
solder alloy increased the K values of the alloys by 62
and 32 percent, respectively.

(4) Existence of 0.05 wt percent Al, Ag and Sb into
the ZSCB alloy increased the HV value of the n-Zn
matrix phase by 19, 21 and 36 percent, respectively.
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