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A B S T R A C T

Antimony containing Sn-3.9Ag-0.6Cu-3.0Sb (SAC 396 +) is a high reliability solder alloy but its microstructure 
and creep behavior is not sufficiently investigated yet. In this paper the correlation between microstructure, 
using SEM, TEM, and XRD, and compression creep properties was investigated. Furthermore, a comparison in 
creep performance between SAC 396 + and Sn-3.8Ag-0.7Cu (SAC 387) was drawn, and the long-term micro
structure evolution until 1500 h at 125 ◦C was compared. For SAC 396+, microstructure investigations of pre- 
aged (24 h at 125 ◦C) bulk samples revealed that Sb is mainly dissolved in β-Sn (Sb2Sn23, tetragonal, I41/amd), 
whereas some fine SbSn precipitates (Sb0.49Sn0.51, rhombohedral, R-3 m) were found in β-Sn. Compression creep 
tests were performed at temperatures between 35 ◦C and 125 ◦C and at stresses between 7.5 MPa and 32.5 MPa. 
Stress exponents were in the range of 7.4 to 7.5 at 100 ◦C or below, and 4.8 at 125 ◦C. Activation energies were in 
the range between 84.7 kJ/mol and 99.6 kJ/mol, indicating dislocation creep, controlled by pipe diffusion or by 
lattice diffusion. Overall, Sb hardened SAC 396 + showed better creep performance at all tested temperatures, as 
well as after isothermal ageing at 125 ◦C for 24 h, 500 h, or 1500 h.

1. Introduction

Lead containing solder alloys have been widely used for several years 
in car-electronic products. Due to restrictions in the European Union, the 
usage of lead in electronic products has been restricted since 2006. 
Therefore, ternary tin-based Sn-Ag-Cu (SAC) alloys have been adopted 
to replace lead containing alloys. Solder alloy Sn-3.9Ag-0.6Cu-3.0Sb 
(SAC396 +) is used in the automotive industry in electronic packages, 
due to enhanced thermal fatigue resistance and high reliability in harsh 
environments [1–4]. Since the solubility of both Ag and Cu in Sn is very 
low, the microstructure of these Sn-Ag-Cu consists of dendrites of β-Sn 
and binary or tertiary eutectic regions, composed of β-Sn and Ag3Sn 
and/or Cu6Sn5 intermetallic precipitates. Especially Ag3Sn hinders the 
dislocation movement and increases creep strength [5,6] through Oro
wan strengthening and dislocation detachment from Ag3Sn intermetallic 
particles, whereby this effect is more pronounced, when the Ag-content 
in Sn-Ag-Cu is increased [7–10]. On the other hand, eutectic Cu6Sn5 

seems to have only a slight effect on increasing the creep resistance in 
comparison to Ag3Sn, which is due to their lower volume fraction and 
therefore larger interparticle spacing [11]. In autonomous vehicles, a 
high level of reliability of the assistance systems is safety-relevant, 
which includes a high reliability of the involved electronic devices and 
consequently of the included solder joints [12,13]. Since temperatures 
in service condition could reach 150 ◦C (423,15 K), which is about 0.85 
homologous temperature, or in future applications even 200 ◦C (473,15 
K), which correspond to about 0.95 homologous temperature, a high 
creep resistant Sn-Ag-Cu solder alloy is fundamental to achieve the 
required high reliability of electronic packages. Beyond that, solder- 
joints in service also experience thermomechanical stresses due to 
high differences in the coefficient of thermal expansion of the different 
materials around the actual solder joint. The typical temperature 
changes in service therefore lead to high stresses and these, in combi
nation with high homologous temperatures, lead to ageing of the solder 
joints. Today, a variety of Sn-Ag-Cu alloys have been developed. Since 
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pure ternary Sn-Ag-Cu solder joints could not ensure such high reli
ability, due to coarsening of intermetallic particles, and due to growth of 
intermetallic layers at the solder-substrate boundaries, further elements 
like antimony (Sb), indium (In), nickel (Ni), and/or bismuth (Bi), or 
vanadium are added for improving the microstructure and mechanical 
properties, stabilizing and refining the microstructure [2,4,14–18]. 
Adding Bi to Sn-Ag-Cu improve the yield strength and ultimate tensile 
strength [19], and lower the melting temperature if 2 wt-% or more Bi is 
added [20]. However, Bi addition lower the ductility [21] and lead to 
brittleness of the solder joint, which is problematic for drop shock 
resistance in mobile electronic devices. Sb additions may improve the 
ductility of solder joints [22] and lead to solid solution hardening of 
β-Sn, but with only a slight improvement in creep resistance, due to the 
small atomic size mismatch between Sb and Sn of around 3.2 %, whereas 
higher Sb concentrations of 1.5 wt-% or higher could lead to fine SbSn- 
precipitates, which significantly improve the creep resistance in com
parison to solid solution hardening of dissolved Sb [23–26]. Further
more, it was found that 3.0 wt-% Sb is an optimal concentration, 
regarding an increase in ultimate tensile strength, due to solid solution 
hardening and SbSn particle hardening [27]. SbSn precipitates crystal
lizes in a rhombohedral R-3 m structure, with a slight deviation in the 
angle α of 89.8◦, which is close to the initially assumed 90◦ of the NaCl- 
type Fm-3 m cubic structure, and it was found, that SbSn shares an 
interface with both β-Sn (I41/amd, tetragonal crystal structure) and 
Cu6Sn5-particles (P63/mmc, hexagonal crystal structure) [28]. In this 
paper, we investigate the creep properties of SAC 396 + and compare it 
to Sn-3.8Ag-0.7Cu (SAC 387), which is an alloy with comparable Ag and 
Cu content, but without Sb addition, to evaluate the effect of Sb on the 
microstructure evolution and creep strengthening of SAC 396 + .

2. Materials and methods

2.1. Sample preparation

Pre-alloyed material of Sb containing SAC alloy Sn-3.9Ag-0.6Cu- 
3.0Sb (SAC 396 +) and of a near-eutectic, basic SAC alloy Sn-3.8Ag- 
0.7Cu (SAC 387) were supplied in form of bars by Stannol GmbH & Co. 
KG, Velbert, Germany. The composition was confirmed through X-ray 
fluorescence analysis. The material was cast in a heated aluminum mold, 
in which the round casting channel of the mold was oriented 60◦ to the 
horizontal plane to ensure as few grains as possible with a preferred 
crystallographic orientation of <110> . Thereby, cooling takes place 
with slow cooling rates between 0.5 ◦C/s and 1.0 ◦C/s. After the cooling 
process was finished, the cast rod was stored at − 10 ◦C to slow down 
diffusion and therefore to prevent the microstructure from uncontrolled 
coarsening at room temperature. For further processing, the cast rod was 
cut into cylindrical samples using a precision cutting machine Accutom-5 
by Struers. The cylindrical samples were pre-aged for 24 h at 125 ◦C to 
reduce internal stress and to allow storage at room temperature by 
reducing the driving force for further microstructure coarsening 
[29,30]. Two cast rods were selected and annealed at 125 ◦C for 500 h 
and 1500 h, respectively, and four creep samples were prepared from 
each cast rod to investigate the long-term microstructure evolution and 
the influence of a longer ageing time on the creep properties. For the 
actual creep test, both front surfaces of each sample were grinded with 
4000 SiC-paper to ensure as little friction as possible between the sample 
surface and a polished ceramic stamp, respectively. The final dimensions 
of the compression creep samples were 5.00 ± 0.05 mm in diameter and 
7.50 ± 0.05 mm in height, resulting in an aspect ratio of 1.5. For 
examining the microstructure after the finished creep experiments, cross 
sections and longitudinal sections of creep samples, which were creep 
tested at 35 ◦C, 50 ◦C, and 100 ◦C, each with an initial stress of 20 MPa, 
are mounted in EpoFix slow-curing transparent acrylic resin by Struers, 
grinded with SiC-paper, polished with colloidal silica and finally 
vibratory polished for 3 min, using Vibropol and Eposil-M by ATM.

2.2. Characterization of the microstructure

2.2.1. SEM, EDS and EBSD analysis
For microstructure characterization, a CLARA field emitter scanning 

electron microscope (SEM) by Tescan Group, Brno, Czech Republic was 
used in combination with a Xflash 6130 energy dispersive spectroscopy 
(EDS) detector from Bruker Corp., Billerica, USA. Since the I41/amd 
crystal cell of β-Sn shows anisotropic properties [31], electron back 
scatter detection (EBSD) maps of the cross sections of discrete samples 
were taken, using an e-flash EBSD detector from Bruker Corp., Billerica, 
USA. The surface was scanned at an angle of 70◦ to the horizontal plane. 
The EBSD maps and EDS spectra were in each case analyzed, using the 
Bruker Software Esprit 2.3. Before each SEM examination, a plasma 
cleaner inside the SEM was used to remove the oxide layer on the sample 
surface.

2.2.2. Phase diagram simulation by CALPHAD method
Equilibrium solidification and room-temperature stable phases were 

simulated using Thermo-Calc TC 2023b together with the TSC Solder 
Alloy Solutions database TCSLD4 Solder Alloys v4.2 by Thermo-Calc 
Software AB, Solna, Sweden.

2.2.3. X-ray diffraction (XRD) analysis
For evaluating all existing phases in the alloy, X-ray diffraction 

patterns of both alloys SAC 396+ and SAC 387 were recorded, by means 
of an EMPYREAN SERIE 2 X-ray diffractometer from PANalytical B.V., 
Almelo, Netherlands, whereby the X-rays were generated by Cobalt with a 
discrete K-α wavelength of λ = 1.78901 Å. Thereby, a Bragg Brentano 
setting was used to analyze the alloys in powder form, which were 
prepared from the 24 h at 125 ◦C pre-aged samples, using a diamond file. 
For analyzing the XRD-spectra, the software High Score from PANalytical 
with a database ICSD FIZ Karlsruhe 2016–1 was used.

2.2.4. Transmission electron microscopy (TEM) analysis
TEM lamellae were prepared by FIB milling using a Strata 400 S dual- 

beam facility from FEI Company, Hillsboro, United States. TEM in
vestigations were conducted in a Themis 300 probe corrected (S)TEM 
from Thermo Fisher Scientific, Waltham, USA, at 300 kV and equipped 
with a Super-X EDX detector. SAED patterns were indexed by using 
CrystBox 1.1 [32].

2.3. Compression creep measurements

Compression creep tests were performed on bulk samples of SAC 396 
+ and SAC 387 at 35 ◦C, 50 ◦C, 85 ◦C, 100 ◦C, and 125 ◦C and under 
initial stresses ranging from 7.5 MPa to 32.5 MPa in order to determine 
stress exponents and activation energies. Before creep testing, the height 
and diameter of each sample were measured using a micrometer. 
Thermo-Calc was used for calculating the thermal expansivity (CTE) of 
β-Sn in SAC 396+, which is shown in Table 1.

The compression creep tests were carried out with a constant load 
setting. The specimen was heated in a chamber oven and after the target 
temperature was reached, the temperature was maintained constant for 
one hour before the experiment was started. During the experiment, one 
thermocouple was in contact with the gauge length of the specimen, 
whereby the temperature was stable to within ± 1 ◦C. The applied force 

Table 1 
Calculated CTE values, using Thermo-Calc simulation.

Temperature CTE in 1/◦C (Thermo-Calc)

35 ◦C 2.23E-05
50 ◦C 2.27E-05
85 ◦C 2.36E-05
100 ◦C 2.40E-05
125 ◦C 2.46E-05

C. Kreiner et al.                                                                                                                                                                                                                                 Materials & Design 269 (2026) 116785 

2 



was measured using a 2 kN load cell and the strain of the sample was 
recorded with an extensometer. During creep testing, from time to time, 
the true strain rate was calculated and plotted in logarithmic form 
against the true strain, to check if a quasi-stable state was reached. 
According to Kanjilal et al. [33] in a compression creep test of a Sn-Ag-Cu 
alloy, a quasi-stable state is considered to be reached when the slope of 
the log strain rate versus strain curve exhibits a plateau with a defined 
gradient between 5 and 7, which corresponds to the expected stress 
exponent of a basic SAC alloy and is therefore used as an approximation. 
If the slope of the curve remained constant within this plateau for at least 
0.5 % creep strain, the quasi-steady state was considered to have been 
reached, and the creep test was stopped. The slope of the true strain 
versus time curve within the previously defined quasi steady state region 
then corresponds to the secondary creep strain rate. The corresponding 
true stress value was calculated by averaging the calculated true stress 
values in this quasi steady state region.

3. Results and discussion

3.1. Microstructure of the initial state

3.1.1. Phase diagram simulation by CALPHAD method
In Fig. 1-a, an isopleth diagram of SAC 396 + with a varying Sb 

content between 0 and 5 wt-%, shows a sequence of stable phases in 
equilibrium condition during solidification, whereby in Fig. 1-b, the 
volume fraction of each stable phase between room temperature and 
melting temperature is shown. The matrix phase β-Sn grows in a non- 
faceted dendrite growth [34] and the volume fraction of primary β-Sn 
increases with further undercooling [35]. Since there is no significant 
solubility of Ag and Cu in β-Sn at room temperature (25 ◦C), the inter
metallic Ag3Sn- and Cu6Sn5-particles are formed in a eutectic reaction 
during the solidification process. Snugovsky et al. [36] examined the 
solubility of Ag and Cu in Sn, by using a SAC 387 alloy, and confirmed 
the solid solubility values of 0.04 wt-% Ag and 0.006 wt-% Cu. Using the 
eutectic concentrations of 3.5 wt-% Ag and 0.9 wt-% Cu, the calculated 
distribution coefficients were k = 0.011 for Ag and k = 0.007 for Cu 
[36]. Considering the sequences of phases solidifying during solidifica
tion, the first solid phase is the orthorhombic (Pmmn) Ag3Sn phase, 

which is formed in liquid. Thereafter, the tetragonal β-Sn phase with a 
I41/amd crystal structure, and finally the hexagonal (P63/mmc) high 
temperature η-Cu6Sn5 phase is formed in liquid. This copper phase 
transforms into the monoclinic (C12/c1) η’-Cu6Sn5 phase below 
186.5 ◦C by a solid-state reaction. As Thermo-Calc software suggests, an 
antimony containing cubic (Fm-3 m) SbSn-phase precipitates below 
174.6 ◦C by consuming Sb, which before that, is dissolved in the β-Sn 
matrix (Fig. 1-b).

When comparing the volume fraction of equilibrium particle phases 
at 25 ◦C, SbSn has the highest volume fraction with 7 vol-%, Ag3Sn has 
the second highest with 4 vol-%, and η’-Cu6Sn5 has the smallest volume 
fraction with 1 vol-%. Furthermore, SbSn has a composition of 51 wt-% 
Sn and 49 wt-% Sb, which is in accordance with the Sb0.49Sn0.51 phase 
found by Norén et al. [37]. Moreover, the weight percentage of Sb in the 
β-Sn-matrix is relatively small with 0.8 wt-% at 25 ◦C. These results are 
in agreement with the literature: CALPHAD investigations by Zaimi et al. 
[2] of Sn-3.0Ag-0.5Cu-xSb (x = 0.5 wt-% or 1.5 wt-% Sb) revealed a 
transformation of η-Cu6Sn5 to η’-Cu6Sn5, but at a slightly lower tem
perature of around 183 ◦C, and also showed the formation of SbSn 
precipitates during a solid-state reaction after 0.5 wt-% Sb, as well as 
after 1.5 wt-% Sb were added [2]. Tan et al. [22] declared for a Sn-37Bi- 
xSb alloy by using synchrotron powder X-Ray diffraction that cubic SbSn 
precipitates (Pm-3 m) could only be detected after adding 3 wt-% Sb to 
the alloy. Furthermore, Chantaramanee et al. [38] investigated the 
microstructure Sn-0.7Ag-0.5Cu-xBi-xSb solder alloy with addition of x 
= 0, 1, 2, and 3 wt-%, where after adding 3 wt-% Sb, SbSn precipitates 
were detected by using x-ray diffraction analysis (XRD) [38].

3.1.2. SEM and EDS measurements
As can be seen in Fig. 2-a, after casting SAC 396+ with a cooling rate 

between 0.5 ◦C/s and 1.0 ◦C/s and pre-ageing for 24 h at 125 ◦C, the 
microstructure consists of β-Sn dendrites, which are fully surrounded by 
eutectic regions (56.8 vol-%), containing intermetallic Ag3Sn and/or 
Cu6Sn5 particles. These Cu6Sn5 particles appear darker, due to the 
element Cu being the lightest of the present alloying elements with 
63.55 g/mol [39]. The particle morphology of the intermetallic particles 
exhibits either a more globular shape with a particle diameter of less 
than 5 µm or larger elongated particles with a length of several 

Fig. 1. Phase diagram simulation of SAC 396+, a) Equilibrium Sn-Sb phase diagram at 3.9 % Ag and 0.6 % Cu with varying Sb content, b) Volume fraction of stable 
phases between room temperature and melting temperature.
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micrometers. Thereby, the elongation of the Ag3Sn-particles is more 
pronounced than of the η’-Cu6Sn5-particles. It could be found that some 
of the Ag3Sn- and Cu6Sn5-particles share a phase boundary with each 
other (Fig. 2-b). These Cu6Sn5-particles show brighter areas at the edge 
of the particle, and a corresponding EDS line scan reveals a higher 
concentration of Sb in the edge of the Cu-particle than in the core with a 
decreasing tendency towards the particle core (Fig. 2-c). A qualitative 
comparison of the Sb concentration across these particles shows the 
highest concentration plateau of Sb in β-Sn, the second highest plateau 
in Cu6Sn5 and the lowest concentration plateau of Sb in the Ag3Sn 
particle phase. However, regarding the Thermo-Calc simulations in 
Table 2, the low temperature η’-Cu6Sn5 phase does not dissolve any Sb at 
temperatures between 25 ◦C and 180 ◦C in equilibrium, whereas the 
high temperature η-Cu6Sn5 phase dissolves a slight amount of Sb at 
190 ◦C. High temperature η-Cu6Sn5 particles may have formed by het
erogeneous nucleation on the already existing Ag3Sn particle in the 
liquid phase. Consequently, the transformation of these η-Cu6Sn5 par
ticles into η’-Cu6Sn5 (low temperature), which is the stable phase below 
186.5 ◦C, via solid-state reaction may not have occured due to the 
relatively high cooling rate of the material in the casting mold. Ac
cording to literature, the hexagonal high temperature η-Cu6Sn5 phase 
could be stabilized at temperatures below 186 ◦C or even at room 
temperature by adding Sb, which leads to the formation of Cu6Sn5-xSbx 
[40,41].

Fig. 3-a shows a dendritic region, where some small, darker particles 
with diameters of less than 1 µm and with a tendency towards an angular 
particle shape were found in β-Sn. An EDS measurement (Fig. 3-b) of 
these reveals a higher concentration of 17.96 at.-% and 20.03 at.-% of Sb 
in these darker particles than in the brighter surrounding β-Sn-matrix 
with 3.98 at.-% and 5.00 at.-%. Furthermore, a low concentration of Ag 

with around 3 at.-% was found in these particles and also in the sur
rounding β-Sn, and a low concentration of Cu with around 2 at.-% was 
found only in β-Sn, which could both be the case due to broader width of 
the electron interaction volume. An EDS-line-scan of a β-Sn-dendrite- 
particle (Fig. 4-a and − b) also reveals a higher concentration of Sb in 
these darker particles than in the brighter surrounding β-Sn-matrix. 
Furthermore, as can be seen from the line scan in Fig. 4-b, Cu and Ag in 
the particles remain on the same concentration level as in the sur
rounding matrix, which rules out the possibility that these particles are 
Ag3Sn or Cu6Sn5. Both facts are an indication for the occurence of SbSn- 
particles. It must be noted that, due to the size of the interaction volume, 
an exact chemical composition cannot be determined by EDS analysis. 
For this reason, XRD measurements were performed (Fig. 6). Wang et al. 
[42] found in Sn-3.4Ag-0.8Cu-5Bi-7Sb-0.05Ni also darker particles in
side dendritic β-Sn, which were identified as SbSn. For SbSn, Belyakov 
et al. [28] postulated an orientation relationship of (100)βSn || (100)SbSn 
with [001]β-Sn || [001]SbSn.

Although Sb is a slightly heavier element with 121.76 g/mol [39]
than Sn with 118.71 g/mol [39] and their average atomic number is 
with Z = 50.5 slightly larger compared to Z = 50 of Sn, the difference in 
Z-contrast is relatively small and other effects could overlay the material 
contrast [43,44]. Especially for small working distances (WD < 10 mm), 
low acceleration voltages, and for non-planar surfaces with a distinct 
topography, there could be a topography effect [45]. This edge effect 
together with the effect that the interaction volume in these small par
ticles is minor in comparison to the surrounding matrix lead to less back 
scattered electrons from the particle, and could result in a darker 
appearance than the surrounding matrix [45].

3.1.3. TEM investigation of β-Sn
A TEM selected area electron diffraction (SAED) image of a tip, 

which was prepared with Focus Ion Beam method of near-eutectic β-Sn, 
shows the characteristic crystal structure of the I41/amd cell (Fig. 5). 
Some crystallographic planes were detected, and the related calculated 
inter-atomic distances are shown in Table 3 and compared to literature 
values of β-Sn [46].

It can be stated that there is an increase in lattice parameters with an 
average lattice expansion of 0.92 %, due to introduction of the solid 
solution of Sb in the β-Sn-matrix (Table 3).

3.1.4. XRD measurements
An XRD-profile of SAC 396+, measured between 30◦2θ and 100◦2θ is 

shown in Fig. 6-a, and measured between 30◦2θ and 50◦2θ is shown in 
Fig. 6-b. The expected three main phases in SAC 396 + Sn1, η’-Cu6Sn5 
and Ag3Sn have the same crystal structure as in alloy SAC 387 (Table 4). 
In addition to the expected Sn-Ag-Cu-phases, two Sb-containing phases 

Fig. 2. BSE-SEM overview of SAC 396 + after casting and pre-ageing for 24 h at 125 ◦C, a) overview of β-Sn-dendrites, which are fully surrounded by eutectic 
regions, b) Ag3Sn and Cu6Sn5 particles sharing a phase boundary, c) corresponding EDS line scan.

Table 2 
CALPHAD calculations of the mass fraction of Sb in each phase at various 
temperatures. The symbol * means that the corresponding phase is not existing 
at this temperature.

Temperature Mass fraction of Sb in the corresponding phase

β-Sn SbSn η-Cu6Sn5 η’-Cu6Sn5 Ag3Sn

25 ◦C 8.00E-05 4.85E-01 * 0 1.16E-03
35 ◦C 1.50E-04 4.83E-01 * 0 1.25E-03
50 ◦C 3.30E-04 4.81E-01 * 0 1.37E-03
100 ◦C 3.02E-03 4.72E-01 * 0 1.70E-03
125 ◦C 7.46E-03 4.67E-01 * 0 1.85E-03
150 ◦C 1.65E-02 4.64E-01 * 0 2.03E-03
160 ◦C 2.19E-02 4.62E-01 * 0 2.13E-03
170 ◦C 2.86E-02 4.61E-01 * 0 2.24E-03
180 ◦C 3.21E-02 * * 0 2.10E-03
190 ◦C 3.21E-02 * 2.76E-07 * 1.79E-03
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were detected, which are on the one hand Sb2Sn23, which crystallizes in 
the same tetragonal I41/amd crystal cell as β-Sn (Sn1) and shares the 
same peaks in the XRD profile, and on the other hand Sb0.49Sn0.51, which 
crystalizes in a R-3 m hexagonal crystal cell. Since Sb has been reported 
to be homogeneously distributed within the β-Sn matrix [2], as also 
confirmed by the TEM investigations conducted in this study (Table 3), 
the Sb2Sn23 phase can be interpreted as a β-Sn-based matrix containing 
incorporated Sb atoms. This interpretation is further supported by the 

coincidence of the Sb2Sn23 diffraction peaks with those assigned to the 
Sn1 phase in SAC 387 (Fig. 7). A peak shift of the main β-Sn peaks to
wards smaller angles occurs with Sb addition, due to an increase in 
lattice parameter. Wolcyrz et al. [46] obtained lattice parameters of a =
b = 5.8308 Å and c = 3.1810 Å for β-Sn (Sn1), whereas Raynor and Lee 
et al. [47] stated lattice parameters of a = b = 5.8460 Å and c = 3.1810 Å 
for β-Sn with introduced Sb atoms (Sb2Sn23), which means an increase of 
0.0152 Å or 1.52⋅104 pm in a- and b-direction, whereas the lattice 
parameter in c-direction remains constant. In literature, Sb2Sn23 was 
hardly found in Sn-Ag-Cu alloys with Sb addition. Nonetheless, low 
pressure cold spraying of Sn-Sb-Cu based Babbitt alloys on AISI 1045 
steel substrates resulted in the formation of Sb2Sn23 [40]. The SbSn 
phase Sb0.49Sn0.51 was found by Norén et al. and Schmetterer et al. 
[37,48].

3.1.5. EBSD mapping of cross sections
The Young’s modulus values of β-Sn (I41/amd), calculated by Ernst 

et al. [31], were 66.8 ± 0.1 GPa in <001>, 62.8 ± 0.5 GPa in <110>, 
and 23.3 ± 0 GPa in <100>, with a maximum difference of 43.6 GPa 
[31]. Thus, a selection of evaluated crystal structures and crystal ori
entations in the cross sections of the creep samples, measured with 
EBSD, is shown in Fig. 8. The first solidified section in the cast rod, 
respectively the lower part in the gating system, exhibits a larger 
number of grains with a variety of crystal orientations, whereby a 
<110>- crystal orientation is present in this section (Fig. 8-a to − d). In 
contrast, the higher sections in the gating system, which solidified later 
in the casting process, show only a few grains with a crystallographic 

Fig. 3. a) BSE-SEM overview of a dendritic region, b) EDX analysis of SbSn particles in β-Sn.

Fig. 4. a) BSE-SEM image of a SbSn particle in β-Sn, b) corresponding EDS line scan.

Fig. 5. TEM SAED image of a near-eutectic β-Sn dendritic region and detected 
lattice planes.
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orientation mainly oriented in <110> -direction (Fig. 8-d, − e). Some
times even a single crystalline structure is present. This leads to the 
conclusion that <110> -grains overgrow other oriented grains and 
<110> is the dominating crystal orientation. For the actual creep ex
periments, only samples of higher sections in the gating system were 
used for creep testing to minimize the influence of crystal orientation on 
the creep results.

3.2. Compression creep behavior

3.2.1. Creep-strain vs. creep time curves of SAC 396+
The measured creep-strain vs. creep-time plots of SAC 396 + creep 

samples, pre-aged at 125 ◦C for 24 h and tested at 35 ◦C, 85 ◦C and 
125 ◦C are shown in Fig. 9-a, − b, and − c. The curves for 50 ◦C and 
100 ◦C were omitted for clarity. Generally, the curvature of the region of 
transition from primary creep to secondary creep is more pronounced, if 
the stresses are higher. In detail, at temperatures of 35 ◦C, 85 ◦C and 
125 ◦C, as well as stresses lower than 30 MPa, the primary creep state is 
not incisive, and the samples already reach the secondary creep regime 
after a short time. In Fig. 10-a, − b and − c, the creep-strain vs. creep-time 

curves of long-term pre-aged samples, which were pre-aged for 24 h, 
500 h or 1500 h each at 125 ◦C are shown, which were all compression 
creep tested at 50 ◦C. The corresponding true creep strain rate vs. creep- 
time plots for SAC 396+, which were condensed and smoothed by using 
a Savitzky-Golay filter to limit the influence of noise, are shown in Fig. 9- 
d, − e, − f and Fig. 10-d, − e, − f. At each test temperature and for longer 
pre-ageing times, increasing the initial stress causes the material to enter 
the secondary (quasi steady state) creep regime at lower true creep 
strain values.

3.2.2. Norton-plot and Arrhenius curves
In Fig. 11-a, the evaluated true minimum creep strain rates are 

plotted against the determined true stresses in a Norton Plot diagram. 
Between 35 ◦C and 100 ◦C, the slope of these curves and the stress 
exponent remain constant at 7.4 and 7.5, whereas at 125 ◦C, the stress 
exponent is lower with 4.8. A stress exponent of n = 3 means viscous 
glide of dislocations by dragging solute atoms (Class A / Class I), n = 5 
means dislocation climb, achieved by lattice diffusion or achieved by 
dislocation pipe diffusion at n = 7 (Class M / Class II) [49]. Regarding 
the microstructure, for Class A, the dislocations are rather uniformly 

Fig. 6. XRD profiles of SAC 396+, pre-aged for 24 h at 125 ◦C, a) overview in the angle range between 30◦2θ and 100◦2θ, b) detailed view, in the angle range 
between 30◦2θ and 50◦2θ.

Table 3 
Calculated inter-atomic distances of near-eutectic β-Sn, corresponding to the 
SAED image of Fig. 5 and compared to literature values [46].

Indices Calculated inter-atomic 
distances in nm

Inter-atomic distances in 
nm [46]

Lattice 
expansion

011 0.28421 0.27925 1.78 %
121 0.20446 0.20166 1.39 %
110 0.20597 0.20615 ¡0.09 %
101 0.28090 0.27925 0.59 %

Table 4 
Evaluated phases of SAC 387 and SAC 396+, and their corresponding crystal 
cells.

Symbol SAC 387 SAC 396+

♣ Sn1 (tetragonal, I41/amd) Sn1 (tetragonal, I41/amd)
◆ η'-Cu6Sn5 (monoclinic, C12/c1) η'-Cu6Sn5 (monoclinic, C12/c1)
♥ Ag3Sn (orthorhombic Pmmn) Ag3Sn (orthorhombic, Pmmn)
⊗ − Sb2Sn23 (tetragonal, I41/amd)
Ψ − Sb0.49Sn0.51 (rhombohedral, R-3 m)

Fig. 7. Main peaks of SAC 396 + vs. SAC 387 in the angle range between 33◦2θ 
and 38◦2θ.
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distributed and there should be no subgrain formation, whereas in Class 
M, a heterogeneous subgrain structure is postulated, with larger dislo
cation free areas, which are surrounded by loose-knit subgrain bound
aries [50–53]. The change in slope from 100 ◦C to 125 ◦C leads to the 
assumption that a change in dislocation creep mechanism occurs slightly 
above 100 ◦C. In Literature, for Sn-1.0Ag-0.5Cu (SAC 105) and Sn- 
3.0Ag-0.5Cu (SAC 305) a transition was found at 150 ◦C, whereas at 
lower temperatures, dislocation climb controlled by pipe diffusion is 
dominating (n = 7), and at higher temperatures, dislocation climb 
controlled by lattice diffusion (n = 5) is the dominating creep mecha
nism [33]. For binary Sn-Sb-alloys, this transition was described at 
around 100 ◦C [23]. This leads to the assumption that above 100 ◦C 
dislocation recovery is more pronounced with a decreasing dislocation 
density and therefore less dislocation pipe diffusion. The change in stress 
exponent at a temperature of 35 ◦C from 7.4 at high stresses to 3.0 at low 
stresses (Fig. 11-a), indicate a mechanism change from Class M to Class 
A behavior [49,53]. The critical stress, at which the gliding dislocation 
breaks away from its solute atom atmosphere and the stress exponent 
transfers from 3 to 5 or 7 [49] was in literature evaluated for alloy Sn- 
3.4Ag-0.7Cu-3.2Bi-3.0Sb-Ni-x at 25 MPa, which is equivalent to 
Fig. 11-a [54].

By comparing the Norton-Plot curves of 24 h, 500 h, and 1500 h at 
125 ◦C pre-aged samples (Fig. 11-b), it is noticeable that with increasing 
isothermal ageing from 24 to 500 h or 1500 h, the Norton-Plot curves are 
shifted towards smaller stresses, indicating a decrease in creep resis
tance with increasing isothermal ageing. The stress exponent of the 500 
h pre-aged samples is 7.3 and is equivalent to the 24 h pre-aged samples, 
whereas the 1500 h pre-aged samples show a slight increase in stress 
exponent with a value of 8.0. Analyzing the interparticle spacing of 
Ag3Sn and Cu6Sn5 in SAC 396 + at three ageing conditions (Table 7), the 
median value of the 24 h at 125 ◦C pre-aged sample is 4.18 µm and was 
calculated from 3583 measured interparticle distances, whereas the 
median value after 500 h at 125 ◦C is 5.17 µm, calculated from 2662 
measured distances, and after 1500 h at 125 ◦C is 7.86 µm, and was 
calculated from 1739 interparticle distances. Despite the fact, that an 
increase between 500 h and 1500 h of 2,69 µm occurs, the creep resis
tance seems to be quite unaffected, which could be the result of solid 
solution and precipitation hardening by Sb.

In Table 5 literature values of different creep tested Sn-Ag-Cu alloys 
are shown. Mathew et al. [55] researched the creep behavior of pure tin 
between 23 ◦C and 150 ◦C and postulated a stress exponent of 7.6, 
associated with dislocation climb controlled by lattice diffusion [55]. 
The stress exponent values for different SAC-base alloys like SAC 105, 
SAC 387, Sn-3.9Ag-0.6 Cu (SAC 396), and Sn-4.0Ag-0.5Cu (SAC 405) 
were in the range between 3.8 and 7, which was generally associated 
with dislocation creep [33,56–60]. Also, there is subdivision into a high- 

stress (n ~ 7–12) and a low-stress (n ~ 3–6) regime described for Sn- 
3.0Ag-0.5Cu (SAC 305) [61]. However, it was found that the addition 
of Sb alone or in combination with other additional alloying elements 
led to an increase in stress exponent. For example, the addition of 0.5 wt- 
% Sb to SAC 105 led to slightly higher stress exponent values of 7.2–9.3 
compared to pure SAC 105 alloy with a value in the range of 5.3–7.0, 
whereby the creep mechanism was identified as dislocation climb, 
which was controlled by pipe diffusion [58].

For evaluating the activation energies, Arrhenius plots were gener
ated from creep strain rates at the same initial stresses and from three 
different temperatures. As can be seen in Fig. 12, an increase in initial 
stress leads to a decrease in activation energy, whereby there is a mea
surement inaccuracy due to trend lines being drawn of only two values. 
At a low stress of 12.5 MPa and temperatures of 85 ◦C, 100 ◦C, and 
125 ◦C, one of the three data points show a deviation from the original 
regression line, which could be the case due to a mechanism change in 
dislocation creep mechanism between 100 ◦C (controlled by pipe 
diffusion) and 125 ◦C (controlled by lattice diffusion) or be the case due 
to enhanced coarsening of intermetallic particles (Fig. 12). An equiva
lent behavior with similar values in the temperature range between 
90 ◦C and 160 ◦C could be found in literature for polycrystalline, 
whereby the different slopes are associated with a high-temperature- 
regime (Q ~ 108.8 kJ/mol) and a low-temperature-regime (Q ~ 46 
kJ/mol) [63]. Moreover, the values of Q = 100 kJ/mol with n = 5 are 
associated with dislocation climb, controlled by lattice diffusion, and Q 
= 55 kJ/mol with n = 7, which is associated with dislocation climb, 
controlled by pipe diffusion [33]. Furthermore, it is described in liter
ature that both mechanism, dislocation pipe diffusion and lattice 
diffusion, could occur simultaneously, which is associated with Q ~ 
83.6 kJ/mol [64].

For a better comparison, the evaluated activation energies are 
plotted in Table 6. The values correspond to Song et al. [61], which found 
activation energies of 95 kJ/mol (low stress regime) and 75 kJ/mol 
(high-stress regime) [61].

3.2.3. Microstructure after compression creep of alloy SAC 396+
In Fig. 13-b, the microstructure of a sample creep tested at 100 ◦C 

with an initial stress of 20 MPa is shown, which has undergone a true 
creep strain of 13.1 %. It is compared to a sample before creep testing, 
which was pre-aged for 24 h at 125 ◦C (Fig. 13-a), where it could be seen 
that after compression creep testing, the elongated Ag3Sn and Cu6Sn5 
particles are much smaller and exhibit a more globular shape. In Fig. 13- 
a, there are also a higher number of small SbSn particles (~ 0.5 µm) in 
the dendritic region, whereas after creep testing, there are less SbSn 
particles in the dendritic region, but one larger SbSn particle with 
approximately 5 µm could be found in the eutectic region between 

Fig. 8. EBSD mapping of cross sections of selected creep samples, a), b), c) first solidified section in a casting rod, d) and e) later solidified sections during the 
casting process.
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globular Ag3Sn particles (Fig. 13-b and Fig. 14). Despite the fact that the 
partition coefficient of Sb shows a value of around k ~ 1.2 and is greater 
than 1 [28], the Sb concentration and therefore SbSn volume fraction 
should be higher in the first solidifying dendritic region. But in litera
ture, the occurrence of larger SbSn-particles in the eutectic region is also 
postulated and associated with a larger interfacial energy of SbSn- 

particles that nucleate on Cu6Sn5 compared to cuboidal SbSn-particles 
inside the β-Sn-dendrites [28]. The higher coarsening rate of possible 
SbSn in the eutectic region may also lead to larger SbSn precipitates at 
the phase boundaries of Ag3Sn particles.

Furthermore, EBSD mappings of Inverse-Poly-Figures in y-direction 
(IPFY) of longitudinal cross sections are compared to each other in 

Fig. 9. Creep-Strain vs. Creep-Time curves of pre-aged (24 h/125 ◦C) samples, tested at a) 35 ◦C, b) 85 ◦C, c) 125 ◦C, and Strain-Rate vs. Creep-Time curves of e) 
35 ◦C, e) 85 ◦C, f) 125 ◦C.
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Fig. 15-a, − b, − c, as well as Grain Average Misorientation (GAM) maps 
in Fig. 15-d, − e, − f, which visualize the plastic strain, one grain has 
undergone in comparison to its neighbor grains [65]. The top edge of the 
image corresponds to one of the front surfaces of the creep sample. The 
number of grains vary with no clear tendency throughout the three 

temperatures. In all three samples, grain boundaries were found, which 
are mainly oriented in 45◦ or perpendicular to the load axis. These grain 
boundaries exhibit a significant number of pores, whereas the number of 
pores increases with testing temperature. Consequently, there may have 
occurred some slight grain boundary slipping at 100 ◦C. It can be found 

Fig. 10. Creep-Strain vs. Creep-Time curves of samples, which were creep tested at 50 ◦C and pre-aged at 125 ◦C for a) 24 h, b) 500 h, and c) 1500 h, as well as 
corresponding True-Creep-Strain-Rate vs. Creep-Time curves: d) 24 h/125 ◦C, e) 500 h/125 ◦C, and f) 1500 h/125 ◦C.
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that the <110> crystal orientation is dominating at all three tempera
tures, which is in accordance with literature, where it was found that the 
dominant slip system is (1–10)[001] [66].

GAM-investigations showed that a relatively larger grain deforma
tion (green color) occurs in perpendicular oriented grains (Fig. 15-c), in 
grains, oriented in [001] (Fig. 15-d) or in grains, which are oriented in 
near-[001] crystal orientation (Fig. 15-e).

3.2.4. Comparison of creep behavior of SAC 396 + with SAC 387
Comparing the microstructure of SAC 396+ and near-eutectic SAC 

387 (Fig. 16), SAC 387 has a higher volume fraction of eutectic region 
with 83.2 vol-% than SAC 396+ with 56.7 vol-%. Evaluating the eutectic 
region, the median value of the particle size and interparticle spacing of 
Ag3Sn and Cu6Sn5 increases from the as cast condition with increasing 
ageing time from 24 h to 1500 h at 125 ◦C (Table 7). The median particle 
size in SAC 387 exhibits in the as cast condition 0.38 µm and after 1500 h 
at 125 ◦C 0.63 µm, which means an increase of 0.24 µm, whereas the 
interparticle spacing increases from 2.91 µm to 4.95 µm, which means a 
difference of 2.04 µm. Regarding SAC 396+, the median particle size 
increases from as cast (0.67 µm) to 1500 h / 24 h (1.11 µm), which 
means an increase of 0.44 µm with is larger than in SAC 387. There is 

also a larger increase in interparticle spacing with 5.11 µm compared to 
SAC 387. In basic SAC alloys, creep is primarily controlled by particle 
size and interparticle spacing [6]. Nonetheless, the creep performance of 
Sb containing SAC 396+ is at all testing temperatures and ageing con
ditions better than of SAC 387 (Fig. 16) due to solid solution hardening 
and SbSn particle hardening. For a clearer comparison of the loss in 
strengthening due to coarsening of Ag3Sn- und Cu6Sn5-particles, the 
Orowan stress was calculated, using the following equation (1) [67] and 
the calculated stresses are shown in Table 7: 

σOr =
0.84 • M • G • b

λ − 2r
(1) 

Here, M = 3 is the Taylor factor, 2r is the median diameter of the par
ticles and λ describes the distance between the particles [67]. For the 
burgers vector b, the value for the {110} < 001 > slip family was used, 
which is 0.32 nm [68,69]. The shear modulus G was calculated for 50 ◦C 
to correspond with the creep experiments of pre-aged specimens, using 
the temperature dependent equation (2), proposed by Kanjilal et al. [33]: 

G(MPa) = 20632 − 37.67 • T( ◦C) (2) 

Fig. 11. Norton-Plot diagrams of compression creep tested SAC 396+, a) at temperatures of 35 ◦C, 50 ◦C, 85 ◦C, 100 ◦C and 125 ◦C, b) of pre-aged samples, tested 
at 50 ◦C.

Table 5 
Postulated stress exponent and activation energy values by various authors.

Material Testing 
Condition

T (◦C) σ (MPa) n Qc (kJ/mol) Creep mechanism Ref.

Pure Sn Tensile Creep 23–150 1–30 7.6 ± 0.2 60.3 ± 3.8 Dislocation climb controlled by lattice diffusion [55]
Sn-5Sb Tensile Creep 23–200 1–30 5.0 ± 0.3 44.7 ± 3.7 Viscous glide controlled by pipe diffusion [55]
Sn-1.0Ag-0.5Cu 

(SAC 105)
Compression 
Creep

60–150 
150–200

7–14 7 
5

55 
100

Dislocation climb controlled by dislocation pipe diffusion (T <
150 ◦C) 
and by lattice diffusion (T > 150 ◦C)

[33]

SAC 105 Tensile Creep 25 
70 
110

14–30 7.0 
6.0 
5.3

40.7 Dislocation climb controlled by pipe diffusion [58]

SAC 105 + 0.5 
wt-% Sb

Tensile Creep 25 
70 
110

14–30 9.3 
8.0 
7.2

54.4 Dislocation climb controlled by pipe diffusion [58]

Sn-3.0Ag-0.5Cu 
(SAC 305)

Compression 
Creep

60–150 
150–200

7–14 7 
5

55 
100

Dislocation climb controlled by dislocation pipe diffusion (T <
150 ◦C) 
and by lattice diffusion (T > 150 ◦C)

[33]

SAC 387 Tensile Creep 75 12–27 17 − − [62]
Sn-3.9Ag-0.6Cu 

(SAC 396)
Compression 
Creep

− 25–75 
75–160

6.5–40.3 
2.7–9.8

3.2 (low stress) & 
4.9 (high stress) 
4.2 (low stress) & 
5.0 (high stress)

25 ± 7 (<
75 ◦C) 
95 ± 14 (75- 
160 ◦C)

Grain boundary diffusion at low temperatures and dislocation 
creep with lattice or bulk diffusion at high temperatures

[57]
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As can be seen in Table 7, the Orowan stress of eutectic Ag3Sn and 

Cu6Sn5 particles in alloy SAC 396 + decreases more significantly with 
ageing from 7.27 MPa in the as cast condition to 2.24 MPa after pre- 
ageing for 1500 h at 125 ◦C in comparison to SAC 387 from 5.98 MPa 
in the as cast condition to 3.50 MPa after long-term ageing. The calcu
lated Orowan stresses for the dendritic SbSn particles, which are also 
existing in the eutectic region, are 5.46 MPa after 24 h at 125 ◦C and 
4.07 MPa after 500 h at 125 ◦C and are therefore of the same order of 
magnitude as those associated with Ag3Sn and Cu6Sn5. Despite the 
slightly higher silver content of SAC 396+ and the more strongly 
decreasing Orowan strengthening contribution of Ag3Sn, SAC 396+
exhibits consistently higher creep strength than SAC 387 at all investi
gated temperatures and ageing conditions, what provide strong evi
dence that the addition of Sb makes a substantial contribution to the 
enhanced creep resistance of SAC 396+ .

At a test temperature of 35 ◦C (Fig. 17-a), SAC 387 shows a higher 
stress exponent in the dislocation creep regime with 12.1 than SAC 
396+ with 7.4, which results from a higher stress sensitivity due to 
smaller interparticle spacing of SAC 387. At a test temperature of 85 ◦C 
(Fig. 17-c) and 100 ◦C (Fig. 17-d), the trend reversed and SAC 387 shows 
a lower stress exponent and stress sensitivity with 5.7 and 5.1 than SAC 
396+ with 7.4 and 7.5, which could be due to SbSn particle hardening. 
At 125 ◦C in Fig. 17-e, despite the regression line of SAC 387, the 
measured data points show a clear trend towards a strong increase of the 
curve, indicating a power-law-breakdown behavior. Regarding the ef
fect of isothermal ageing on the microstructure (Table 7) and creep 
behavior (Fig. 16 and Fig. 17-f), a longer pre-ageing time of 500 h or 
1500 h at 125 ◦C instead of 24 h at 125 ◦C led to an increase in inter
particle spacing in SAC 387 from 3.79 µm (24 h) to 4.40 µm (500 h) and 
to 4.95 (1500 h) µm and in SAC 396+ from 4.18 µm (24 h) to 5.17 µm 
(500 h) and to 7.86 µm (1500 h), whereas the curves of SAC 387 are 
shifted towards smaller stresses, indicating a lower creep resistance. 
While the stress exponent values of SAC 396+ remain more or less 
constant between 7.4 and 8.0, the stress exponent of SAC 387 increased 
significantly from 8.4 to 21.4, indicating a power-law-breakdown 
behavior (Table 8).

Fig. 12. Arrhenius plots and calculated activation energies for stresses of 12.5 
MPa, 15 MPa, 17.5 MPa, 20 MPa, and 22.5 MPa.

Table 6 
Evaluated activation energy values for different initial stresses. The values, 
which were obtained by interpolating data points in Fig. 12, are charted in 
brackets.

Test temperature 12.5 MPa 15 MPa 17.5 
MPa

20 MPa 22.5 
MPa

35 ◦C, 50 ◦C, 
85 ◦C

− − − − (69.0 kJ/ 
mol)

50 ◦C, 85 ◦C, 
100 ◦C

− − (95.4 kJ/ 
mol)

84.7 
kJ/mol

−

85 ◦C, 100 ◦C, 
125 ◦C

99.6 kJ/mol 
(45.7 kJ/mol, 
131.0 kJ/mol)

93.0 
kJ/mol

− − ​

Table 7 
Particle size and interparticle spacing of Ag3Sn and Cu6Sn5 particles in SAC 387 and SAC 396+, each after casting and after pre-ageing at 125 ◦C for 24 h, 500 h, or 
1500 h, as well as the number of the measured particles in columns. The calculated Orowan stresses, using equation (1) were also added.

Isothermal Ageing 
Condition

SAC 387 SAC 396+

Median Particle 
Size in µm

Median Interparticle 
Spacing in µm

Orowan Stress at 
50 ◦C in MPa

Median Particle 
Size in µm

Median Interparticle 
Spacing in µm

Orowan Stress at 
50 ◦C in MPa

As cast 0.38 (4316) 2.91 (5440) 5.98 0.67 (6785) 2.75 (5708) 7.27
24 h at 125 ◦C 0.30 (4362) 3.79 (4453) 4.33 0.84 (4645) 4.18 (3583) 4.53
500 h at 125 ◦C 0.43 (4392) 4.40 (2710) 3.81 0.71 (4556) 5.17 (2662) 3.39
1500 h at 125 ◦C 0.63 (4454) 4.95 (2605) 3.50 1.11 (2276) 7.86 (1739) 2.24

Fig. 13. BSE-SEM images a) before creep testing, b) after creep testing at 100 ◦C and 20 MPa.
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Fig. 14. BSE-SEM image of eutectic region after creep testing at a) 20 MPa and 35 ◦C, b) 20 MPa and 50 ◦C, as well as c) 20 MPa and 100 ◦C and d) its corresponding 
EDS-line-scan.

Fig. 15. EBSD maps of longitudinal cross sections after compression creep testing of samples, which were tested at an initial stress of 20 MPa and temperatures of 
35 ◦C: a) IPFY-map, d) GAM, 50 ◦C: b) IPFY-map, e) GAM, or 100 ◦C: c) IPFY-map, f) GAM.
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4. Conclusion

Compression creep testing and microstructure investigations (CAL
PHAD, EDS, EBSD, XRD, and TEM) of for 24 h, 500 h and 1500 h at 
125 ◦C pre-aged samples were used to evaluate the microstructure 
evolution and creep behavior of alloy Sn-3.9Ag-0.6Cu-3.0Sb (SAC 
396+) in comparison to alloy Sn-3.8Ag-0.7Cu (SAC 387). It was found 
that Sb hardened SAC 396+ showed a better creep performance at all 
tested creep temperatures and after isothermal ageing. 

• Besides intermetallic particles of Ag3Sn and Cu6Sn5, SbSn-particles 
were found in SAC 396+ in the β-Sn-dendrites. Beyond that, Sb is 
dissolved in β-Sn.

• In XRD measurements, SbSn was detected as Sb0.49Sn0.51, which 
exhibits a rhombohedral R-3 m crystal structure and is in coherence 
with literature.

• Compression creep tests of SAC 396+ were performed at tempera
tures of 35 ◦C, 50 ◦C, 85 ◦C, 100 ◦C and 125 ◦C, as well as with 
stresses between 7.5 MPa and 32.5 MPa. The stress exponents were 
in the range of 7.4–7.5 at temperatures of 100 ◦C or below. The stress 
exponent at 125 ◦C was 4.8, which indicates a mechanism change 
between 100 ◦C and 125 ◦C. This drop in stress exponent was 

associated with a mechanism change from dislocation climb, 
controlled by dislocation pipe diffusion at temperatures of 100 ◦C 
and below towards dislocation climb, controlled by lattice diffusion 
at 125 ◦C.

• Further isothermal ageing for 500 h or 1500 h at 125 ◦C showed a 
slight shift towards smaller stresses in the Norton-Plots at 50 ◦C, but 
the stress exponents were relatively stable in the range between 
7.4–8.0, whereas for SAC 387, the stress exponent showed a signif
icant increase from 8.4 to 21.4.

• The activation energies of SAC 396+ were each calculated of 
equivalent initial stresses at three different temperatures and are 
84.7 kJ/mol at 20 MPa, 93.0 kJ/mol at 15 MPa and 99.6 kJ/mol at 
12.5 MPa, indicating a dislocation creep mechanism.

Future work should focus on Sn–Ag–Cu alloys with lower Ag contents 
of 1.0 wt-% with Sb addition that maintain or improve the creep resis
tance, while the material costs in the Surface-Mount Device (SMD) as
sembly process is reduced due to a lower Ag content.
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[52] A. Orlová, J. Čadek, The effect of stress changes during creep on the dislocation 
structure of Al-5.5 at.% Mg, Mater. Sci. Eng. 38 (1979) 139–144, https://doi.org/ 
10.1016/0025-5416(79)90089-2.

[53] P. Yavari, T.G. Langdon, An examination of the breakdown in creep by viscous 
glide in solid solution alloys at high stress levels, Acta Metall. 30 (1982) 
2181–2196, https://doi.org/10.1016/0001-6160(82)90139-0.

[54] M. Moriuchi, Y. Kariya, M. Kondo, Y. Kanda, Class I creep deformation of 
Sn–Ag–Cu containing solid solution elements and its effect on thermal fatigue life 
of solder joints, Mater. Trans. 63 (2022) 805–812, https://doi.org/10.2320/ 
matertrans.MT-MC2022015.

[55] M.D. Mathew, H. Yang, S. Movva, K.L. Murty, Creep deformation characteristics of 
tin and tin-based electronic solder alloys, Metall. Mater. Trans. A 36 (2005) 
99–105, https://doi.org/10.1007/s11661-005-0142-z.

[56] T. Chen, I. Dutta, Effect of Ag and Cu concentrations on the creep behavior of Sn- 
based solders, J. Electron. Mater. 37 (2008) 347–354, https://doi.org/10.1007/ 
s11664-007-0340-0.

[57] P.T. Vianco, J.A. Rejent, A.C. Kilgo, Creep behavior of the ternary 95.5Sn-3.9Ag- 
0.6Cu solder—part I: as-cast condition, J. Electron. Mater. 33 (2004) 1389–1400, 
https://doi.org/10.1007/s11664-004-0169-8.

[58] A.A. El-Daly, A.E. Hammad, A. Fawzy, D.A. Nasrallh, Microstructure, mechanical 
properties, and deformation behavior of Sn–1.0Ag–0.5Cu solder after Ni and Sb 
additions, Mater. Des. 43 (2013) 40–49, https://doi.org/10.1016/j. 
matdes.2012.06.058.

[59] J.H.L. Pang, B.S. Xiong, Mechanical properties for 95.5Sn-3.8Ag-0.7Cu lead-free 
solder alloy, IEEE Trans. Compon. Packag. Technol. 28 (2005) 830–840. https:// 
doi.org/10.1109/TCAPT.2005.848587.

[60] Qian Zhang, A. Dasgupta, P. Haswell, Viscoplastic constitutive properties and 
energy-partitioning model of lead-free Sn3.9Ag0.6Cu solder alloy, in: 53rd 
Electron. Compon. Technol. Conf. 2003 Proc., IEEE, New Orleans, Louisiana, USA, 
2003: pp. 1862–1868. https://doi.org/10.1109/ECTC.2003.1216558.

[61] H.G. Song, J.W. Morris, F. Hua, The creep properties of lead-free solder joints, JOM 
54 (2002) 30–32, https://doi.org/10.1007/BF02701846.

[62] W.J. Plumbridge, C.R. Gagg, S. Peters, The creep of lead-free solders at elevated 
temperatures, J. Electron. Mater. 30 (2001) 1178–1183, https://doi.org/10.1007/ 
s11664-001-0147-3.

[63] J.E. Breen, J. Weertman, Creep of polycrystalline tin, JOM 7 (1955) 1230–1234, 
https://doi.org/10.1007/BF03379034.

[64] D.R. Shirley, J.K. Spelt, Primary creep in Sn-3.8Ag-0.7Cu solder, part II: 
constitutive creep model development and finite element analysis, J. Electron. 
Mater. 38 (2009) 2388–2397, https://doi.org/10.1007/s11664-009-0906-0.

[65] P.O. Guglielmi, M. Ziehmer, E.T. Lilleodden, On a novel strain indicator based on 
uncorrelated misorientation angles for correlating dislocation density to local 
strength, Acta Mater. 150 (2018) 195–205, https://doi.org/10.1016/j. 
actamat.2018.03.009.

[66] X.J. Hu, W. Sun, J.L. Liao, Y.H. Zhang, B. Wang, S.S. Shuai, C. Liu, G. Zeng, The 
influences of microstructural length scale on the tensile properties and deformation 
mechanisms of Sn-3.0Ag-0.5Cu solder alloys, Mater. Sci. Eng. A 916 (2024) 
147300, https://doi.org/10.1016/j.msea.2024.147300.

[67] J. Gong, C. Liu, P.P. Conway, V.V. Silberschmidt, Modelling of Ag3Sn coarsening 
and its effect on creep of Sn–Ag eutectics, Mater. Sci. Eng. A 427 (2006) 60–68, 
https://doi.org/10.1016/j.msea.2006.04.034.

[68] J. Keller, D. Baither, U. Wilke, G. Schmitz, Mechanical properties of Pb-free SnAg 
solder joints, Acta Mater. 59 (2011) 2731–2741, https://doi.org/10.1016/j. 
actamat.2011.01.012.

[69] L. Liu, Y. Yao, T. Zeng, L.M. Keer, A micromechanical model considering 
dislocation density based intra-granular backstress under cyclic loading, Mech. 
Mater. 129 (2019) 41–49, https://doi.org/10.1016/j.mechmat.2018.10.011.

C. Kreiner et al.                                                                                                                                                                                                                                 Materials & Design 269 (2026) 116785 

16 

https://doi.org/10.1007/s11664-004-0089-7
https://doi.org/10.1016/j.matchar.2025.114802
https://doi.org/10.1016/j.matchar.2025.114802
https://doi.org/10.1016/j.msea.2022.143392
https://doi.org/10.1016/j.msea.2022.143392
https://doi.org/10.1107/S1600576715017252
https://doi.org/10.1016/j.msea.2017.07.061
https://doi.org/10.1016/j.jallcom.2019.04.153
https://doi.org/10.1016/j.jallcom.2019.04.153
https://doi.org/10.1016/j.matchar.2023.112707
https://doi.org/10.1007/s11664-004-0159-x
https://doi.org/10.1007/s11664-004-0159-x
https://doi.org/10.1016/j.jssc.2005.10.031
https://doi.org/10.1016/j.jssc.2005.10.031
https://doi.org/10.1016/S1003-6326(22)66021-7
https://doi.org/10.1016/S1003-6326(22)66021-7
https://doi.org/10.3390/coatings10070689
https://doi.org/10.1002/zaac.200900018
https://doi.org/10.1002/zaac.200900018
https://doi.org/10.1016/j.jmrt.2025.05.012
https://doi.org/10.1017/S1431927619012303
https://doi.org/10.1017/S1431927619012303
https://doi.org/10.1111/jmi.13148
https://doi.org/10.1155/2017/4907457
https://doi.org/10.1155/2017/4907457
https://doi.org/10.1002/pssb.2221070125
https://doi.org/10.1088/0370-1301/67/10/301
https://doi.org/10.1016/j.jallcom.2017.11.367
https://doi.org/10.1016/j.jallcom.2017.11.367
https://doi.org/10.2320/matertrans1960.13.284
https://doi.org/10.2320/matertrans1960.13.284
https://doi.org/10.1016/0036-9748(81)90352-5
https://doi.org/10.1016/0036-9748(81)90352-5
https://doi.org/10.1016/0025-5416(79)90089-2
https://doi.org/10.1016/0025-5416(79)90089-2
https://doi.org/10.1016/0001-6160(82)90139-0
https://doi.org/10.2320/matertrans.MT-MC2022015
https://doi.org/10.2320/matertrans.MT-MC2022015
https://doi.org/10.1007/s11661-005-0142-z
https://doi.org/10.1007/s11664-007-0340-0
https://doi.org/10.1007/s11664-007-0340-0
https://doi.org/10.1007/s11664-004-0169-8
https://doi.org/10.1016/j.matdes.2012.06.058
https://doi.org/10.1016/j.matdes.2012.06.058
https://doi.org/10.1007/BF02701846
https://doi.org/10.1007/s11664-001-0147-3
https://doi.org/10.1007/s11664-001-0147-3
https://doi.org/10.1007/BF03379034
https://doi.org/10.1007/s11664-009-0906-0
https://doi.org/10.1016/j.actamat.2018.03.009
https://doi.org/10.1016/j.actamat.2018.03.009
https://doi.org/10.1016/j.msea.2024.147300
https://doi.org/10.1016/j.msea.2006.04.034
https://doi.org/10.1016/j.actamat.2011.01.012
https://doi.org/10.1016/j.actamat.2011.01.012
https://doi.org/10.1016/j.mechmat.2018.10.011

	Microstructure and creep behavior of antimony containing high silver solder alloy Sn-3.9Ag-0.6Cu-3.0Sb
	1 Introduction
	2 Materials and methods
	2.1 Sample preparation
	2.2 Characterization of the microstructure
	2.2.1 SEM, EDS and EBSD analysis
	2.2.2 Phase diagram simulation by CALPHAD method
	2.2.3 X-ray diffraction (XRD) analysis
	2.2.4 Transmission electron microscopy (TEM) analysis

	2.3 Compression creep measurements

	3 Results and discussion
	3.1 Microstructure of the initial state
	3.1.1 Phase diagram simulation by CALPHAD method
	3.1.2 SEM and EDS measurements
	3.1.3 TEM investigation of β-Sn
	3.1.4 XRD measurements
	3.1.5 EBSD mapping of cross sections

	3.2 Compression creep behavior
	3.2.1 Creep-strain vs. creep time curves of SAC 396+
	3.2.2 Norton-plot and Arrhenius curves
	3.2.3 Microstructure after compression creep of alloy SAC 396+
	3.2.4 Comparison of creep behavior of SAC 396 ​+ ​with SAC 387


	4 Conclusion
	CRediT authorship contribution statement
	Declaration of generative AI and AI-assisted technologies in the writing process
	Funding sources
	Declaration of competing interest
	Acknowledgments
	Data availability
	References


