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Abstract In order to further enhance the properties of

lead-free solder alloys such as SnAgCu, SnAg, SnCu and

SnZn, trace amount of rare earths were selected by lots of

researchers as alloys addition into these alloys. The

enhancement include better wettability, physical proper-

ties, creep strength and tensile strength. For Sn3.8Ag0.7Cu

bearing rare earths, when the rare earths were La and Ce,

the creep-rupture life of solder joints can be remarkably

improved, nine times more than that of the original

Sn3.8Ag0.7Cu solder joints at room temperature. In addi-

tion, creep-rupture lifetime of RE-doped solders increases

by over four times for SnAg and seven times for SnCu.

This paper summarizes the effects of rare earths on the

wettability, mechanical properties, physical behavior and

microstructure of a series of lead-free solders.

1 Introduction

Increasing global concern about the environment is bring-

ing regulatory (European directives) and consumer (‘‘green

products’’) pressure on the electronics industry in Europe

and Japan to reduce or completely eliminate the use of lead

(Pb) in products [1]. Therefore, the development of lead-

free solders has become an essential and urgent task in the

electronics packaging industry. The choice of lead-free

alloys is based on a comparison of solder properties and

indicated that SnAgCu could be adopted as a general-pur-

pose standard alloy. However, it is also found that SnAgBi

type alloys are likely to be used for surface mount consumer

products and that SnCu solders may be developed for using

in wave soldering situation where the cost of the alloy is a

particularly significant consideration [2]. Moreover, the

eutectic Sn9Zn alloy appears to be an attractive one with a

relatively low melting temperature of 198.5 �C [3], because

the Zn element is quite active, SnZn system solders have a

worse wetting and corrosion behavior [4]. If these problems

can be overcome, they remain an attractive positions due to

the closeness of their melting temperatures to that of SnPb.

Therefore, it is expected that the addition of trace amount

element will further improve these performance of lead-free

solder alloys.

In the past investigation, adding minute amount of rare

earth (RE) to series of lead-free alloys is considered to be

an effective way to improve their properties. Rare earth

(RE) elements have been called the ‘‘vitamin’’ of metals,

which means that a small amount of RE elements can

greatly enhance the properties of metals [5]. RE elements

are the surface-active element, which plays an important

role in metallurgy of materials, such as refinement of

microstructure, alloying and purification of materials and

metamorphosis of inclusions [6]. In this paper, we sum-

marize the development in lead-free solder alloys with

addition of RE elements and analyze the effect of RE

elements on wettability, tensile strength, creep properties

and microstructures of various lead-free alloys, such as

SnAgCu, SnAg, SnCu, SnZn.
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2 Wetting properties

Wettability is defined by the contact angle between the

liquid drop and solid substrate, which is a direct conse-

quence of the interface force equilibrium at the location

where three phases meet [7, 8]. Wetting, however, very

important for solders because reliable interconnection

require good wetting, good wetting results in well-formed

circuit-board solder fillets [9].The contact angles formed at

the surface of the Cu substrate. If there are IMCs formed

during the wetting reaction, the equilibrium contact angle

is determined by the interfacial surface tension.

Owing to its better thermo-mechanical property and

wettability, SnAgCu alloy has been drawn special atte

ntion and regarded as the most promising lead-free sub-

stitutes for the conventional SnPb solder [10]. Comparative

wetting angle of the four solders using an RMA flux is

displayed in Fig. 1 [11] the wetting angle of Sn3.5Ag0.7Cu

is lower than Sn2.5Ag0.7Cu. It is due to the lower melting

point of Sn3.5Ag0.7Cu alloy. The addition 0.1% RE to

Sn3.5Ag0.7Cu can significantly improve the wetting angle.

Angle of Sn3.5Ag0.7Cu0.25RE is also lower, but higher

than 0.1%RE addition.

Figure 2 shows the relationship between RE content and

contact angle. It is found that RE addition to the SnAg

alloy of up to 0.5 wt.% resulted in a decrease in the values

of mean contact angle, a minimum contact angle of 31±2�
was observed with 0.5 wt.% [12].

The Sn0.7Cu solder has been considered as a lead-free

alternative to lead-tin alloys in waving soldering [13].

Various small amount of rare earth (RE) elements, which

are mainly Ce and La, have been added to the SnCu alloy

to form new solder alloy. The wetting force and angle of

Sn0.7Cu solder are also improved with the addition of

0.5% RE elements. The wetting force and angle of Sn0.7Cu

and Sn0.7Cu0.5RE are compared with that of Sn37Pb, as

shown in Fig. 3 [14]. The traditional eutectic SnPb pro-

vides the highest wetting force, and Sn0.7Cu gives the

lowest wetting force. The Sn0.7CuRE alloy has a smaller

contact angle than that of Sn0.7Cu solder.

The eutectic SnZn alloy appears to be an attractive one

with a relatively low melting temperature of 198.5 �C [15].

However, the wetting angle on copper substrate for SnZn

solders is high with the flux used for SnPb solders. Figure 4

[16] shows the contact angle and wetting force of SnZnRE

systems with the four different types of fluxes at 245 �C in

the wetting balance test. In these figures, the RA flux is

shown to provide sufficient wetting, whereas the RMA, R,

and VOC-free fluxes could not provide wetting. It is con-

firmed by the observation that the molten solder has partly

coated the surface of the test coupons, with some areas of

the coupons uncoated. Wu [17] suggested that trace RE

elements can decrease the surface tension of SnZn, with

Fig. 1 Wetting angle of solder alloys [11]

Fig. 2 Influence of RE addition on the wettability in the SnAgRE

solder[12]

Fig. 3 Variation of wetting force and angle of solders [14]
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0.05 and 0.0%RE addition, the wetting properties were

greatly improved with the RA flux.

3 Melting temperature

Melting temperature is a crucial physical property and has

important influence on the quality of solder alloys. In the

great mass of melting temperature is a crucial physical

property and has important influence on the quality of

solder alloys. In the great mass of experiments, melting

temperature is obtained by differential scanning calorime-

try (DSC) measurement of enthalpy variation in melting

process. The onset point of the DSC heating curve is

related to the solidus temperature while the peak point is

recognized as liquidus temperature of solder alloys.

By thermal method, it is found that the addition of trace

rare earth Ce has a trifling effect on the melting tempera-

ture of Sn-3.0Ag-0.8Cu, the liquidus temperature is within

212–220 �C [18]. The DSC was employed to determine the

effect of small amount of La (rare earth) on the melting

characteristics of SnAgCu solder. Figure 5 shows the heat

flow vs. temperature melting curves, on heating, for

Sn3.9Ag0.7Cu and Sn3.9Ag0.7Cu0.5La. Both curves show

a single melting peak (endothermic), with the onset tem-

perature around 217 �C, indicating that La had little effect

on the reflow temperature of the eutectic solder [19].

It had been demonstrated that the incorporation of a

small amount (0.5–2 wt.%) of lutetium (rare earth) metal

into lead-free solders makes the direct bonding of the

solders to SiO2 possible, thermal analysis indicates that

rare earth metal addition do not significantly alter the

melting point, but maintain a melting point near 221 �C

[20]. When the rare earths are La and Ce, there is no

change of the liquidus temperature after the addition of RE

elements into Sn3.5Ag system [14]. The same phenomena

can be found for Sn0.7Cu and Sn9Zn alloys with the

addition of rare earth elements.

4 Tensile properties of soldered joints

The tensile test method was employed to measure the

mechanical properties of lead-free solder alloys. Dog bone-

shaped bulk solder specimens for the uniaxial tensile were

machined from solder bars. The ultimate tensile strength

(UTS) is the maximum engineering stress which a material

can understand in tension [5].

Tensile tests results of SnAgCu-XRE are shown in

Fig. 6 [11]. With the increase of Ag and addition of rare

earth elements, the tensile strength is improved. With the

addition of trace rare earth elements the coarse b-Sn grains

were refined, Cu6Sn5 and Ag3Sn intermetallics were finer

according to the adsorption affection of the active rare

earth elements, which are the reasons for the improvement

Fig. 4 Wettability of Sn–Zn–RE systems with four different types of

flux at 245 �C. (RA, rosin-activated; RMA, rosin mildly activated; R,

rosin-nonactivated; VOC, volatile organic compounds). a The contact

angle; b Wetting force

Fig. 5 Heat flow vs. temperature curve for SnAgCu solder [19]
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of tensile strength of SnAgCu alloy with the addition of

rare earth elements.

Table 1 indicates the ultimate tensile strengths and

elongations values of the alloys. Tensile strengths of the

three solders can be seen to be similar except a lower

elongation of Sn2.9Ag1.2Cu0.05RE compared with the

other alloys. The tensile and shear strengths of solder joints

were decline in the order Sn3.8Ag0.7Cu0.05RE,

Sn2.9Ag1.2Cu0.05RE, to Sn3Ag0.5Cu0.05RE [21].

Figure 7 shows the results of tensile strength of SnCu-

XRE, SnAg-XRE, SnZn-XRE lead-free solders [5, 11].

From the figure, it is found that all the tensile strength of

lead-free solders are enhanced. However, if the amount of

rare earth elements added is increased, the elongation to

failure and tensile strength of lead-free solders decreases

significantly [5, 22]. This may be due to the increase in the

quantity of the hard RE-bearing intermetallics in the

solders.

5 Creep behavior

Low cycle fatigue, resulting from differences in coefficient

of thermal expansion between components connected by

solder joints, is a prime cause of joint failure in electronic

industry [23, 24]. In these fatigue processes, however,

creep mechanisms play an important role because of the

high homologous temperatures involved. In addition, due

to the low melting point of lead-free solders, creep defor-

mation was dramatic since room temperature exceeded half

of the solder’s melting point [25, 26].

The SnAg-based lead-free solder provides better

mechanical properties, creep resistance, thermochanical

fatigue behavior, and solderability on copper and copper

alloys than the traditional Sn-Pb solder [27–29].

The effect of adding trace amount of rare earth on creep-

rupture life of soldered joints is shown in Fig. 8. Figure 8a

indicates that rare earth Ce can prolong the creep-rupture

life of Sn3.0Ag0.28Cu soldered joints at room temperature

markedly [18]. When the content of rare earth Ce is 0.1%,

the creep-rupture life is the longest, up to nine times more

than original alloys. Figure 8b shows the effect of misch

rare earth on creep-rupture life of Sn2.5Ag0.7Cu soldered

joints [30]. Trace amount of rare earth elements can make

the structure homogenous and fine, and decrease the

intermetallic compound layer thickness, due to rare earth

elements processes a high affinity to Sn in the matrix [31–

35]. So the creep-rupture life is enhanced significantly.

In the SnAg solder joint with addition of rare earth, the

refined grains and particles decrease the distance for dis-

locations to pile up, making the solders more creep resis-

tance, and producing a longer creep-rupture life and higher

strength in the tension with less elongation. Extensive

creep tests La-doped SnAg alloys were conducted by Pei M

[36, 37]. It is found that doping increases the creep resis-

tance of SnAg solders by as much as 15%, higher La

doping tends to improve creep resistance more. In addition,

La doping enhances the fatigue life by approximately five

times.

For the low melting point of lead-free solders, such as

Sn0.7Cu alloy, the creep behavior is more important

because these alloys more likely be used at a homologous

temperature at which creep would occur. As shown in

Fig. 9 [38], the Sn0.7Cu0.5RE solder has much higher

Fig. 6 Tensile strength SnAgCu-XRE soldered joints [11]

Table 1 Results of bulk tensile test [21]

Alloys Tensile strength

(MPa)

Elongation (%)

Sn3.8Ag0.7Cu0.05RE 96.24 35.59

Sn3Ag0.5Cu0.05RE 91.48 38.44

Sn2.9Ag1.2Cu0.05RE 89.23 25.03

Fig. 7 Tensile strength of various Pb-free alloys under constant strain

rate [5]

688 J Mater Sci: Mater Electron (2009) 20:685–694

123



creep resistance than Sn0.7Cu. Additionally, the creep

lifetime is longer in the case of Sn0.7Ag0.5Cu than

Sn0.7Cu. It is well known that the decrease in grain size

reduces the stress concentrations as grain boundaries, and

therefore retards cavity nucleation, thus, the fine grain size

b-Sn and more uniform dispersion of the intermetallic

particles were the main reason of the improvement of creep

resistance when doped with 0.5% RE elements [39].

From the melting temperature point-of-view, the eutec-

tic Sn9Zn alloy is one of the best alternatives to traditional

eutectic SnPb with a melting temperature of 199 �C, as

compared with 183 �C of SnPb [40]. To make a compari-

son of the creep behavior of Sn9Zn with Sn40Pb all test

were done with the same homologous temperatures and

homologous stresses. As a result, the Sn9Zn shows a sig-

nificantly higher creep resistance which could be correlated

with the higher stress exponent and higher activation

energy (n = 3.6; Q = 1.68 eV) in comparison to the

Sn40Pb ally [41]. In the SnZnRE system, due to the

addition of rare earth elements, the refined microstructure

provided better mechanical properties, such as creep

resistance, than original SnZn alloys [14].

6 Microstructures

The rare earth elements were found to have a significant

effect on the microstructure of lead-free solder joints.

Trace Y (rare earth) addition had little influence on the

melting behavior, but the solder showed better wettability

and mechanical properties, as well as finer microstructures,

than found in original Sn3.8Ag0.7Cu solders [42]. With the

addition of Y element, the thickness of intermetallics layer

at the solder/Cu substrate interface was decreased in sol-

dering and the growth of intermetallics was constrained

after high temperature aging [43].

The typical microstructure shown in Fig. 10 [44] of chill

cast Sn3.5Ag0.7Cu alloy, mainly consisted of phases of

b-Sn, Cu6Sn5 and Ag3Sn. Because of the fast cooling rate

provided by the Cu atom, the b-Sn phases were distributed

in the ternary eutectic region. The grain size of b-Sn phases

was about 10–20 lm. In some regions, small Ag3Sn

intermetallics coexisted with the b-Sn phases. The forma-

tion of the microstructure was due to the solidification

sequence of the ternary alloys. The addition of RE

decreased the original b-Sn grain size to 5–10 lm, as

shown in Fig. 10b [44]. The RE-bearing phase could not be

detected due to the small amount of RE addition and its

fine dispersion.

For the addition of rare earth Ce into SnAgCu alloy,

with the content of Ce increasing, the new black phase

increase evidently, and the shape of RE phase takes on a

block-like, snow-like or fishbone-like as shown in Fig. 11a,

Fig. 8 Effect of RE content on creep-rupture life of SnAgCu

soldered joints. a Sn-3.0Ag-2.8Cu-XCe soldered joints [18]; b
Sn2.5Ag0.7CuXRE soldered joints [30]

Fig. 9 Comparison of creep resistance between Sn0.7Cu and

Sn0.7Cu0.5RE alloys [38]
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the microstructure is composed of a Sn-rich phase, rod-like

Cu6Sn5 and grain Ag3Sn by SEM and EDX analysis [18].

When the rare earths were La and Ce, the RE phase in

snowflake shape can be seen in Fig. 11b, which is assumed

to aggregate at the inter-dendrites boundaries, was not

found at the SnAgCuRE bulk solder, the reason why the

web structure is not observed in the bulk solder is that

the sizes of the bulk solder and joint are different, and the

conditions of cooling rates differ also [45].

In the La-containing SnAgCu alloys, the LaSn3 inter-

metallics had a characteristic faceted geometry also refer-

red to as ‘‘Chinese scripts’’, which have also been observed

in other systems [46–48]. Figure 12 shows the micro-

structure of a furnace-cooled Sn3.9Ag0.7Cu0.5La alloy, in

which the LaSn3 intermetallics are approximately 75 lm in

size [19].

The electronics industry is exploring the use of SnAg

solders for electronic packaging applications for two

Fig. 10 Microstructure of lead-free solder joints [44]. a
Sn3.5Ag0.7Cu; b Sn3.5Ag0.7Cu0.25RE

Fig. 11 SEM image of the RE phase in the SnAgCu bulk solder. a
RE phase in snowflake shape; b RE phase in fish-bone shape

Fig. 12 The dendritic structural LaSn3 intermetallics [19]
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reasons [49–52]. First, the solders contain no lead, so it is

candidates for replacement of Pb-bearing solders which in

the near future may be regulated or taxed. Second, the

solders meet the increasing service and manufacturing

requirements for varying melting temperature ranges.

Small addition of Lu (0.5–2 wt.%) added to eutectic SnAg

solder render it directly solderable to a silicon oxide sur-

face. Figure 13 shows a cross sectional microstructure of

the joint between the SnAgLu rare earth containing solder

and the silica substrate, extensive EDX analyzes indicate

that within the resolution of EDX, the rare earth Lu is

essentially non-detectable in the faceted islands (marked A

in Fig. 13) with an average size of 5 lm [20]. These

islands have been identified as the intermetallic compound

with a composition close to Sn3Lu [53].

The snowflakes were also found in the SnAg solder joint

as shown in Fig. 14 [36, 37]. EDX studies conformed that

there was indeed a very high concentration of La in the

snowflake structures, it was also observed that the amount

of LaSn3 IMC is dependent on the amount of La doping.

With less La doping, the snowflakes are usually small and

isolated; with higher La doping levels, larger snowflakes

can be seen in cluster form, as seen in Fig. 14 for 0.25% La

doping. Rare earth elements are well recognized as surface-

active agents and previous researches have found that RE

doping can dramatically reduce IMCs and their growth on

solder/pad interfaces and also refine the microstructure of

the alloy which results in improved mechanical properties

of the solder [54]. Figure 15.

SnCu solder assembly can be used to fabricate a reliable

printed circuit assembly for consumer products, and can be

accomplished using present SnPb assembly facility [55].

So some researchers and consortia recommend SnCu for

lead-free wave soldering [56, 57]. Due to dissolution of Cu

Fig. 13 SEM cross sectional micrograph showing the joint between

the SnAgLu solder and silica. Lutetium is present in rectangular-

shaped island marked as A [20]

Fig. 14 Lanthanum aggregation cluster in 0.25% La solder [36]

Fig. 15 SEM micrographs for Sn0.7Cu and Sn0.7Cu0.5RE alloys

[38]

J Mater Sci: Mater Electron (2009) 20:685–694 691

123



pad rapidly into liquid solder at the onset of the reflow

process, it is between SnCu solders and Cu pads that the

interfacial reactions take place, which is similar to the prior

cases [58–60]. In the SnCu system, the Cu–Sn interme-

tallics were found to be the primary precipitates in the b-Sn

matrix. The SEM micrograph of the Sn0.7Cu and

Sn0.7Cu0.5RE are shown in Fig. 2 [38]. The Cu6Sn5

intermetallics can be seen in Fig. 2a, by adding the RE

elements, the Cu6Sn5 flakes decrease in size and became

finely dispersed in the eutectic network band, when com-

paring the microstructures of the Sn0.7Cu solders, since the

solubility of the rare earth elements in the b-Sn matrix is

rather low, the Sn–RE intermetallics are likely to be

formed and dispersed at the eutectic band only [14, 38].

Additionally, in order to further improve the properties and

microstructures of SnCu alloys, other element with rare

earth elements together, such as Ni, were added into the

SnCu solders by researchers [7, 61–65].

For SnZn solder alloy, mechanical properties [66], sol-

derability [67] and oxidation behavior [68, 69] are inves-

tigated by many researchers, the general conclusion is

despite their better mechanical properties, the SnZn alloys

have poor wettability to the Cu substrate, which is gener-

ally related to the higher surface tension and oxidation

sensitivity of Zn [70, 71]. Rare earth elements with con-

centrations of 0.05 and 0.1 wt.% primarily Ce and La were

added to the SnZn eutectic alloy to improve the mechanical

properties and refine the microstructure of original alloy

[14, 16]. In the eutectic SnZn solder, the microstructure

under backscattered scanning electron (BSE) microscopy

examination is found to consist of the bright b-Sn matrix

surrounded by the long plate-like dark Zn-rich phase as

shown in Fig. 16 [14], with addition of 0.5 wt.% RE, two

RE-bearing phases appear in the as-reflowed SnZn solder,

namely 75Sn14Ce11La and 24Sn35Zn23Ce18La.

7 Conclusion

Due to the implementation of the legislations to restrict

the use of environmental unfriendly materials, the use of

lead in electronic products is banned. SnAgCu, SnAg,

SnCu, SnZn solders have emerged among various lead-

free candidates as the most promising solder alloys to be

utilized in microelectronic industries. However, with the

advance of integrated circuit technology and the

requirement of high density for high-speed circuitry,

further research is required to assess in-service durability

for lead-free solder alloys. Rare earth elements have been

regards as the vitamin of metals, which means that a

minute amount of RE elements may greatly enhance the

properties of metals. In addition, compared to other ele-

ments, rare earth elements are so cheap. Therefore,

adding minute amount of rare earth to SnAgCu solders is

considered to be an effective way to improve the prop-

erties and microstructures of alloys, but rare earth ele-

ments has a trifling effect on the melting temperature of

lead-free solders. Thus, the potential problems that would

arise during production are required to be studied, such

as long-term reliability and soldering processes. So much

effort should be made for assessing in-service durability

for lead-free solder joints with rare earth alloying addi-

tion. The results of these previews provide an important

basis of understanding the development of lead-free sol-

ders with addition of rare earth elements.
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