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Abstract: For development of low-Ag lead free solder alloys for microelectronic packaging, the correlation of creep properties with 

microstructure of novel Sn-0.3Ag-0.7Cu-0.5Ga (SAC-Ga) solder alloys bearing Pr has been investigated using nanoindentation. The 

results show that the creep deformation of SAC-Ga, SAC-Ga-0.06Pr, SAC-Ga-0.5Pr is 1717, 1144, and 1472 nm, respectively, 

which indicates that Pr addition could significantly enhance the creep resistance of SAC-Ga solders due to the refinement and 

uniform distribution of Cu

6

Sn

5

 intermetallic compounds (IMCs). However, compared with the SAC-Ga-0.06Pr solder alloy, the 

SAC-Ga-0.5Pr alloy shows poorer creep resistance which is mainly attributed to the surface oxidation of excess rare earth Pr. In 

addition, Dorn model has been used to describe the creep behavior and to obtain stress exponents of the SAC-Ga solder alloys 

bearing Pr. The strengthening mechanism of creep resistance in SAC-Ga solder alloys bearing Pr is that when encountering refined 

and well-distributed Cu

6

Sn

5

 IMCs, a dislocation line cannot climb through the IMCs but bypass the IMCs, thus leading to a decrease 

in the creep deformation of the solder alloys bearing Pr.
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As waste electrical and electronic equipment (WEEE) leg-

islation

[1]

 and restriction of the use of certain hazardous sub-

stances (RoHS) legislation

[2]

 have been implemented in Eu-

rope, application of traditional Pb filler metals of solder are 

restricted. Among all the lead-free solders, Sn-Ag-Cu high-Ag 

solders, in which the Ag content is usually higher that 3.0%, 

are considered to be the most promising substitutes due to 

their low available melting temperature, near-eutectic compo-

sition, and favorable thermal-mechanical fatigue properties

[3]

. 

However, some problems of the existing high-Ag solders 

cannot be avoided, such as inferior drop impact reliability and 

high cost

[4]

. Therefore, it is imperative to develop and research 

new Sn-Ag-Cu low-Ag solders (ω(Ag)≤1%), such as 

SAC0307, not only for cost but also mechanical factors.

With reducing Ag content, the solder alloys are more ductile

and compliant solders for high impact conditions which can 

offer a better resistance to drop failure in the interconnec-

tions

[5]

. Compared with commonly used Sn-3.8Ag-0.7Cu 

high-Ag alloy, however, Sn-Ag-Cu low-Ag solders show 

slightly higher melting point

[4]

, larger melting range

[6]

, poor 

creep and thermal fatigue performance

[7]

, which are major re-

stricts in promoting the use of Sn-Ag-Cu low-Ag solders in 

the electronics industry. How to enhance the creep resistance 

of Sn-Ag-Cu low-Ag solders can barely be seen in the litera-

ture reports

[8,9]

. Gao et al

[10]

 reported that adding rare earth Pr 

can improve the mechanical properties of Sn-Ag-Cu solder 

joints and Zhang et al

[11]

 reported that the addition of Ga can 

optimize the microstructure and the oxidation resistance of 

Sn-Ag-Cu solders. So based on that adding trace amount of 

Ga can get an optimal Sn-Ag-Cu microstructure, this paper 
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investigates the effect of Pr on the creep resistance of 

Sn-0.3Ag-0.7Cu-0.5Ga (SAC-Ga) solder.

As is known to all, creep behavior of metallic materials 

can be characterized by many different kinds of test meth-

ods. However, with regard to microelectronic packaging 

industry, with the miniaturizing trend of electronic devices, 

the size of solder joint usually reached a level below the 

millimeter scale, which brought size effect for the me-

chanical properties of solder joint

[12]

. Consequently, tradi-

tional tensile and shear creep test methods could not well 

reflect the actual creep behavior of newly solder joint in its 

service. Pleasantly, hardness, modulus and other mechanical 

parameters could be got under the premise of not damaging 

the material through the nanoindentation P-h curve

[13]

. 

Naturally, it had been widely used in the mechanical per-

formance testing of the materials with a small size. 

Nanoindentation could not only ensure the test area to have 

the characteristics of precise location and small size, but 

also continuously record the changes of depth and load 

during the process of indentation, which provided a great 

convenience for the study of the mechanical properties of 

the material with a micro-size.

Thus, the objective of this work is to investigate the effect 

of Pr on the creep behavior of SAC-Ga solders. The indenta-

tion depths and creep stress exponent n have been studied by 

the nanoindentation P-h curve. Furthermore, the mechanism 

of Pr on the creep behavior has been also understood.

1 Experiment

Pure Sn, Ag, Cu and Ga with purity of 99.95 wt% were 

used as raw materials. Rare earth Pr with purity of 99.5 wt% 

was used to react with Sn and form Sn-5Pr alloy ingots. The 

Sn-5Pr alloy, Sn, Ag and Cu were melted at 900±10 °C in a 

vacuum furnace to fabricate SnAgCuPr alloy. The molten al-

loy was held for 4 h while mechanical stirring was performed 

every 30 min using a stainless steel rod to homogenize the al-

loy. Next step was to control the melt temperature below 400 °C

and then 0.5 wt% of pure Ga was added into the melt. After 

about 5 min of heat preservation and mechanical stirring 

which was performed every 1 min, the melted solder was 

chilled to cast and the ingot was cut into tin bars with about 

40 mm in length. The composition of solder alloys was ana-

lyzed by the inductively coupled plasma emission spectrome-

ter (ICPAES) and is listed in Table 1.

Table 1  Nominal and actual chemical composition of the solder

alloys (wt%)

Pr

Solder alloys Ag Cu Ga

Nominal Actual

Sn

a 0.3 0.7 0.5 0 0 Bal.

b 0.3 0.7 0.5 0.06 0.058 Bal.

c 0.3 0.7 0.5 0.5 0.52 Bal.

Nanoindentation tests were accomplished by a Shimadzu

®

DUH-W201 dynamic ultra microhardness tester equipped 

with a Berkovich (trigonal) diamond tip nanoindenter. The 

nanoindentation was performed by driving the indenter at a 

constant loading rate of 1 mN/s into the samples’ surface with 

the maximum applied load of 50 mN, and then it was held for 

5 min at room temperature (298 K). In order to ensure the ac-

curacy of results, the test of each sample was conducted five 

times and the average value was taken as the final result.

2  Results and Discussion

2.1  Analysis of creep equation for nanoindentation

Fig.1 shows the melting point of SAC-Ga solder is 213 ºC. 

At room temperature, the specific temperature value is still 

more than 0.3 times of the melting point of SAC-Ga solder. 

Working at room temperature, creep is one of the most im-

portant deformations. Fig.2 shows the typical creep curve of 

solders, from which we can see that under constant stress the 

creep is subjected to three stages, including primary creep

(decelerated creep), secondary creep (steady state creep) and 

tertiary creep (accelerated creep). The deformation of secon-

dary creep is easy to calculate so that its creep speed is usually 

used as a measurement of creep resistance of vast majority 

materials. The equation used in this paper on describing sec-

ondary creep is Dorn equation

[14]

.

Fig.1  DSC curve of the SAC-Ga solder alloy

Fig.2 Typical creep curve of solders
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where A

1

is the material parameter, D

0

 is self-diffusion coeffi-

cient, G is shear modulus, b is Burgers, d is interplanar spacing, 

σ is yield strength, n is stress exponent, R is gas constant, T is 

absolute temperature, and Q is activation energy of diffusion.

Eq. (1) can be further simplified as
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Q
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ε
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�

(2) 

It is not easy to determine the stress and strain of the mate-

rial under the condition of nanoindentation test. Compara-

tively, the hardness of the material (H) will be much easier to 

obtain. Under the condition of a certain temperature and 

working hardening ability, H is a function of strain rate. 

Therefore, in the nanoindentation test the creep behavior can 

be expressed as:

n

C Hε =

�

� �

                                 (3)

Creep deformation mechanism is mostly identified by the

value of the stress exponent n. In the process of nanoinden-

tation test, creep behavior is related to the diffusion rate 

from the plastic zone boundary to the internal of the mate-

rial. Generally, the ratio of instantaneous contact area 

change rate to the area (

/S S

�

) is defined as the indentation 

strain rate 

ε

� .

A Berkovich indenter tip is a three-sided pyramid which 

is geometrically self-similar and has the same projected 

area-to-depth ratio as a Vichers indenter. So under the assis-

tance of the Berkovich indenter, (

/S S

�

) can be expressed as 

the ratio of instantaneous indentation depth rate to the depth 

(

/h h

�

). Considering that SAC-Ga solders can be regarded as 

perfect plastic materials, the current indentation depth is equal 

to the depth of plastic deformation. And the instantaneous in-

dentation depth rate is:

d

d

h

h

t

=

�

                               (4)

In the process of nanoindentation test, the hardness of the

material is defined as:

S

P

H =

                                (5)

where P is instantaneous load and S is the projected area of 

the indenter. In this experiment, S of the Berkovich indenter

is:

2

hS 56.24=

                       (6)

Take Eq. (4) and Eq. (5) into Eq. (3), can be expressed as:

d 1

d

n

h P

C

t h S

 

=

 

 

                                (7)

Then take the natural logarithm on both sides of Eq. (7):  

d 1

ln ln ln

d

h P

C n

t h S

   

= +

   

   

                     (8)

The stress exponent n can be written as:

ln( / ) ln

ln( / ) ln

h h

n

P S H

ε∂ ∂

= =

∂ ∂

�

�

                         (9)

The creep stress exponent n of the solder can be obtained

from Eq. (9). However, the creep indentation may have fluc-

tuation due to the undulation of the sample surface roughness

and the environmental conditions. In particular, at the last 

stage of creep deformation, the strain rate is very low, and it 

will bring larger error if the measurement data of dh/d t is used 

directly for calculating the creep stress exponent n. The data 

needs appropriate treatment, including removal of the invalid 

data points obtained at the last stage of creep and using the 

graphing method and linear fitting method to determine the 

stress factor n.

2.2 Creep stress exponent n of SAC-Ga -xPr solders

Fig.3 shows the P-h curves of the SAC-Ga-xPr (x=0, 0.06, 

0.5) solders at room temperature. The maximum load of 50 

mN is kept for 5 min in order to achieve the steady state creep. 

The indentation depths of SAC-Ga, SAC-Ga-0.06Pr, 

SAC-Ga-0.5Pr solders are 5475, 4591 and 4905 nm, respec-

tively. Solders with varied components show obvious differ-

ences in the indentation depths, and the base solder SAC-Ga 

has the maximum depth, which indicates that the addition of 

Pr can improve the creep resistance of SAC-Ga solder.

During the process of maintaining the maximum load, an 

obvious creep behavior occurs in the solder. In order to ob-

serve the steady state creep behavior of different solders in 

detail and to increase the contrast effect of data, the 

depth-time curve of the secondary creep is drawn in Fig.4, and 

the horizontal and vertical coordinate values of the origin of 

the curve are adjusted to zero. As can be seen from Fig.4, with 

the increasing of the time, the rate of increase in creep defor-

mation gradually decreases, and after keeping maximum load 

for about 300 s, the deformation of three solders reaches 1717, 

1144 and 1472 nm. SAC-Ga solders bearing Pr show better 

creep resistance and the one with 0.06 wt% Pr addition exhib-

its the minimum creep deformation.

Furthermore, the data of points in h-t curve (Fig.4) has been

used to calculate the creep stress exponent n through a linear 

fitting method according to Eq.(9). ln

ε

�

-lnH curve has been 

drawn and the slope of the curve is the creep stress exponent n. 

As shown in Fig.5, n of SAC-Ga, SAC-Ga-0.06Pr and 

SAC-Ga-0.5Pr are 4.48, 6.19 and 5.53, respectively. It sug-

gests that the SAC-Ga-0.06Pr solder has the maximum creep 

stress exponent n, and it indicates that SAC-Ga-0.06Pr solder 

has the best creep resistance.

Under the condition of a certain load, creep can be divided 

into three types according to the ratio of test temperature (T) 

to the melting point (T

m

) of the material. They are low tem-

perature creep (T<0.25T

m

), medium temperature creep (T= 

0.25~0.5T

m

) and high temperature creep (T>0.5T

m

). The 

room temperature (298 K) is much more than 0.5 times of 

the melting temperature of SAC-Ga solder (approximately 
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494 K). Obviously, SAC-Ga solder joints exhibit features of 

high temperature creep. Under these circumstances, disloca-

tion slipping, climbing and thermal diffusion will take place 

in the solder. If the temperature and stress is high enough, 

the movements of dislocations will increase and dislocation 

climbing is the major control mechanism of creep behavior. 

By consulting Ref.[15,16], the creep stress exponent n is 

3~20, and from these researches the major mechanism of 

solder’s creep behavior can be determined as dislocation 

climbing. As can be seen from Fig.6, appropriate addition of 

Pr can optimize the microstructure of solders and morphol-

ogy of IMCs, which increases the resistance for dislocation 

climbing.

Because of the limitation of the equipment condition, the 

creep activation energy Q has not been deduced. However, 

according to Eq. (7), it does not affect the evaluation of sol-

ders’ creep resistance.

2.3 Strengthening mechanism for SAC-Ga-xPr solders

According to the Orowan mechanism

[17,18]

, when a disloca-

tion line meets the undeformable reinforced particles, the re-

pulsive stress is large enough so that the dislocation line will 

bend before the particles (Fig.7). The critical stress that the 

dislocation line could exactly bypass the particles is called 

Orowan stress.

1

-1

2

0

Gb

τ αf r

λ

= ≈

     (10)

Fig.3 P-h curves of Sn-0.3Ag-0.7Cu-0.5Ga-xPr solder

where constant α is 0.093 for edge dislocations and 0.14 for 

screw dislocations, f and r are the volume fraction and average 

radius of the particle, respectively. Obviously, the greater the 

density of particles and the smaller the radius are, the more 

obvious the strengthening effect.

Similarly, although the stress for creep is lower than that 

of Orowan stress, the effect of dispersing phases in the dis-

location climbing is almost identical with only minor differ-

ences. As the solid solubility of Ag and Cu in the solder is 

very little, it does not affect the mechanical behavior in a

form of solid solution. Moreover, though Ga solutes in the 

Sn matrix, the content of Ga is very little and it will react 

with Ag and Cu which decreases the solution in Sn matrix. 

Fig.4 h-t curves of Sn-0.3Ag-0.7Cu-0.5Ga-xPr solder

Fig.5 Creep stress exponent n of Sn-0.3Ag-0.7Cu-0.5Ga-xPr solder

Fig.6 Microstructures of SAC-Ga-xPr solders: (a) 0 Pr, (b) 0.06 Pr, and (c) 0.5 Pr
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Fig.7 Schematic diagram for the Orowan mechanism

Thus, the effect of Ga solution on mechanical behavior is 

only a little too. Critically, the existing form of Ag and Cu in 

solder is the IMC. The morphology, distribution and size of 

IMCs have a significant effect on the mechanical behavior of 

the solders. The deformation resistance of IMC is much 

higher than that of Sn matrix, and dislocations cannot climb

through the IMC. Consequently, the dislocations will bypass

the IMC just like the Orowan mechanism. Huang et al

[19]

complements that the creep resistance of Sn-based solder is 

mainly due to the volume fraction of strengthening particles. 

Synchronously, creep resistance gets better with the increas-

ing of volume fraction of IMCs.

The microstructure of SAC-Ga solders can be refined and 

homogenized by adding a trace amount of Pr (Fig.6). More-

over, the size and existing form of IMC can be also amelio-

rated, which disperses in the Sn matrix. In this paper, the re-

finement and homogenization of IMC particles by adding 

0.06wt% Pr is thought to be responsible for the improving of 

creep resistance. And the content of Ag

3

Sn is little, and thus 

the strengthening effect is considered to be mainly from 

Cu

6

Sn

5

 phases (Fig.8). However, PrSn

3

 phases will arise if 

excess Pr is added (Fig.9), which is rapidly oxidized and mi-

crocrack will appear in the surface after oxidation. And what 

is worse is that needle-like structure arises in the morphology 

of solders, which leads to the decline of strengthening effect 

of IMCs, and consequently the creep resistance decreases.

Fig.8 EDX analysis of Cu

6

Sn

5

 phase

Fig.9 EDX analysis of PrSn

3

 phase

3 Conclusions

1) Creep equation for nanoindentation has been analyzed 

and the creep stress exponent n of SAC-Ga, SAC-Ga-0.06Pr 

and SAC-Ga-0.5Pr is 4.48, 6.19 and 5.53, respectively, which 

means n can be significantly improved by adding an appropri-

ate amount of Pr. And the optimal addition of Pr in this paper

is 0.06 wt%.

2) The increasing of creep stress exponent n means the im-

proving of creep resistance, which depends on the optimiza-

tion of IMCs in the solder’s microstructure. Dislocations can-

not climb through IMC particles, which is similar to the Orowan 
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mechanism. The addition of Pr evidently ameliorates the dis-

tribution of IMC. However, with an excessive amount of Pr 

addition, the formation of needle-like brittle Pr-rich IMCs de-

teriorates the creep resistance. 
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