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Abstract
Our previouswork suggested that the Sn-3.8Ag-0.7Cu-xCe (x takes 0%, 0.2%, 0.5% and 1.0wt%)
soldermelt experienced a temperature-induced liquid-liquid structure transition (L-LST)whichwas
reversible during two heating and cooling cycles far above the liquidus. In this work, the effects of
liquid statemanipulations and rare earth element Ce addition on solidified Sn-3.8Ag-0.7Cu-xCe
structures and properties were investigated. The results revealed that themicrostructurewas
remarkably refined, the spread ability and the shear strengthwere enhancedwhen themelt
experienced L-LST andCe addition.Meanwhile, 0.2 wt%Ce addition showed themost homogenous
microstructure, leading to better properties. This work elicited thatmeltmanipulations andCe
addition could be an effective way to optimizemicrostructure and properties of Sn-3.8Ag-0.7Cu-xCe
soldered joints.

1. Introduction

Ideal solidified structures lead to a better performance formaterials.Many researches have pursued this goal for
decades. In order to get refined solidified crystals, various liquidmanipulations likemelt overheating [1, 2], melt
thermal treatment [3, 4] have been applied and sometimes it appears effective. In the past, a lot of researchers
explored the thermal historywhich had an important influence on themicrostructure and properties of alloys. It
has been found that the liquid-liquid structure transition (L-LST) existed in some liquids [5–7]. It has been
demonstrated that temperature or pressure induced liquid structure transitions can occur in somemelts of pure
elements and alloys bymeans of in situ synchrotron radiation [8], neutron diffraction [9], viscosity [10], x-ray
diffraction and internal friction [11], resistivity [12] and computer simulations [13] etc. The experiments proved
that themicrostructure of amorphous alloys wasmuchmore homogeneous if the alloymelts weremuch over-
heated. It was accepted that the structure transitionwas related to themetastable local short range orders (SROs)
or covalent clusters remained inmelts at temperature above the liquidus slightly [14].

Considering the inherent toxicity of lead and lead containing alloys to environment and human healthy,
lead-free solders have been developed to respond the trend of lead-free electronic packing [15, 16]. SnAgCu
lead-free solder with good thermalmechanical properties was regarded as one of themost promising candidates
for the traditional Sn-Pb solder in electronic assembly. As rare elements (RE) have been called the vitamin of
metals, some researchers studied the addition of pure RE like Eu [17], Sm [18], Yb [19], Pr [20], La [21], Nd [22],
Ce [23] andmixed-RE [24, 25] to enhance the properties of SnAgCu lead-free solders and great achievements
have been obtained.

In this article, the overheat temperature formelts was based on the result of our previous work [26],
solidification experiment, spread ability test and shear strength test were conducted to investigate the effects of
Ce and L-LST onmicrostructure and properties of Sn-3.8Ag-0.7Cu-xCe lead-free solder.
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2. Experimental procedure

2.1. Solidification experiment
The Sn-3.8Ag-0.7Cu-xCe alloys were prepared bymelting high purity granular Sn, Ag, Cu andCe in a resistivity
furnace. Duringmelting, themelts were coveredwith shielding fluxB2O3 to prevent the evaporation and
oxidation ofmetals. The Sn-3.8Ag-0.7Cu-xCemelts experienced a temperature-induced L-LSTwhichwas
reversible during two heating and cooling cycles far above the liquiduswhile the heating temperature was above
the ending temperature [26]. The transition temperature was shown in table 1.

In this experiment, the holding temperature was shown in table 2whichwas chosen according to table 1.
Taking Sn-3.8Ag-0.7Cu as an example, the groupAwas heated to 500 °Cwith a dwelling time of 40 min. Group
Bwas firstly heated to 1000 °Cwith a dwelling time of 30 min. Then, themelt was shifted expeditiously to a
500 °C furnace for 10 min to unify the purring condition. After heat treatment, themelts were poured into an
ironmold. The specimens formicrostructures were prepared by standardmetallographic procedures with the
etchant of FeCl3+HCl+H2O solution and observed under opticalmicroscope.

2.2. Spread ability test
Copperwith a purity of 99.97wt%was used as substrate, whichwas cut into the size of
40 mm×40 mm×2 mm.TheCu substrate was polished before cleaningwith ethanol. The solder was cut into
0.2±0.0002 gramwith the same diameter. Spread ability tests were conducted at 260 °Cwith a dwelling time of
120 s aftermelting in a resistance furnace. The activated rosinwas used asflux. The samemeasurement
conditionswere applied to all samples for a reliable comparison of their wettability. Spreading areawas
measured to judge thewettability by Image Pro Plus assisted by Photoshop. Six specimensweremade for each
condition.

2.3. Tensile test
Several soldered joints were prepared by using the solidified solders as specimens for tensile test, the Cu plate as
substrate. Dimensions of specimen for tensile testis were shown infigure 1. The average values of every tensile
strengthwere estimated from5measurements.

Table 1. Starting temperature and ending temperature of L-LST for Sn-
3.8Ag-0.7Cu-xCe alloys.

Transition temperature(°C)

Composition

Starting

temperature

Ending

temperature

Sn-3.8Ag-0.7Cu 770±2 960±2
Sn-3.8Ag-

0.7Cu-0.2Ce

762±2 831±2

Sn-3.8Ag-

0.7Cu-0.5Ce

771±2 988±2

Sn-3.8Ag-

0.7Cu-1.0Ce

601±2 626±2

Table 2.Treatment temperature and time of solidification experiment.

Holding temperature and time

Composition GroupA GroupB

Sn-3.8Ag-0.7Cu 500 °C×40 min 1000 °C×30 min→ 500 °C×10 min

Sn-3.8Ag-0.7Cu-0.2Ce 500 °C×40 min 1000 °C×30 min→ 500 °C×10 min

Sn-3.8Ag-0.7Cu-0.5Ce 500 °C×40 min 1000 °C×30 min→ 500 °C×10 min

Sn-3.8Ag-0.7Cu-1.0Ce 500 °C×40 min 1000 °C×30 min→ 500 °C×10 min
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3. Results and discussion

3.1. Solidificationmicrostructure
Themicrostructures of Sn-3.8Ag-0.7Cu-xCe are represented infigure 2. It is worth pointing out that no obvious
porosity/holewas observed in all the solidified samples. Themicrostructure of Sn-3.8Ag-0.7Cu-xCe consists of
the light coloredβ-Sn phase surrounded by dark eutectic networks ofβ-Sn and intermetallics phase (Cu6Sn5
andAg3Sn) [27]. It can be clearly seen that, after themelts experienced L-LST, themicrostructure ofβ-Sn is
dramatically refined. It is generally accepted that lots of residualmicro-clusters or shortrange orders (SROs) or
covalent clusters still remain in themelt near liquidus [5–7]. These SROs are disrupted and dispersed into
smaller clusters which could offermore nuclear sites, leading to amuch homogenousmicrostructure. It can be

Figure 1.Dimensions of specimen for tensile test (unit inmm).

Figure 2.Microstructure of Sn-3.8Ag-0.7Cu-xCe solders.
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observed infigures 2(a), (c), (e) and (g), with 0.2 wt%Ce addition, coarseβ-Sn grains are remarkably refined. It is
known that the standardGibbs free energy of formation of Sn-RE IMCs is lower than those for Ag-RE andCu-
RE [28]. Accordingly, in this work, Ce has a higher affinity for Sn, Ce atoms aremore easily attach the growing
interface of Sn, therefore, the growth stepswere blocked and this explains the refinement ofβ-Sn.However,
dendrites appear again as Ce addition reaches to 0.5 and 1%. It can be concluded thatmanipulating parent liquid
state andCe addition can be effective for optimizingmaterials solidified structures.

3.2.Wettability
The result of the spread ability testing of the solders is shown in figure 3. It can be seen from figure 3 that the
wettability of solders is increasedwithCe addition and after soldermelts experienced liquid structure transition.
After themelts experienced L-LST, thewetting area of Sn-3.8Ag-0.7Cuwas increased by 5.78% and Sn-3.8Ag-
0.7Cu-0.5Cewas increased by 1.32% comparedwith that noCe addition.With 0.5 wt%Ce addition, thewetting
area of Sn-3.8Ag-0.7Cu-0.5Ce increased by 8.54% comparedwith Sn-3.8Ag-0.7Cu.

As shown in Figure 4, wettability can be represented by contact angle θwhich is defined by the Young-Dupre
equation [12],

cos SF SL

LF

q
g g

g
=

-

where SFg is the surface tensions of the substrate/flux; SLg is the surface tensions of the substrate/liquid solder
interfacial area and LFg is the surface tensions of the liquid solder/flux. SFg can be regarded as a constant which is
determined by same substrate andflux. According to theCe–Cubinary alloy phase diagram, the interaction
betweenCe andCu is very lowwhen the temperature is below 300 °C [28]. Therefore, ,SLg the surface tension of
Cu substrate and solder, is impossible to reduce. That is to say, in such a situation, SFg and SLg are constants. LFg
is determined by the property of themolten alloy. Themelts which experienced L-LST aremore disordered and

Figure 3. Spreading area of Sn-3.8Ag-0.7Cu-xCe solders.

Figure 4. Schematic diagramof thewettability test.
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homogeneous than that not, which resulted in amore active state of atoms and smaller SROs, so the free energy
is increased, whichmeans that the solders wouldmelt with less energy absorbed. For these two reasons, the
wettability of solders is increased aftermelts experienced L-LST. Ce is a surface active element, so the surface
tension of Sn-3.8Ag-0.7Cu-xCemelts is decreasedwith addition of Ce.However,more Ce-based intermetallic
and dioxide is generatedwith increasing Ce addition, whichwould preventmolten alloy from spreading on the
Cu substrate, and thewettability is decreased at last. The L-LST andCe doping decreased ,LFg and the contact
angle θ is decreased, so thewettability is increased.

3.3. Shear strength
Figure 5 shows the shear strength of soldered joints fabricated by Sn-3.8Ag-0.7Cu-xCe solders before and after
L-LST. It can be seen from figure 5, shear strength is enhanced by L-LST andCe addition. Shear strength of Sn-
3.8Ag-0.7Cu is 33.0 MPa.With 0.2 wt%Ce addition, the shear strength of Sn-3.8Ag-0.7Cu-0.2Ce reached
36.3 MPa, increased by 10%.WhenCe content increased to 0.5 and 1.0 wt%, the shear strength decreased.
Nevertheless, it is still better than that of noCe addition. After themelts experienced L-LST, shear strength is
increased about 3.0%–4.7%.One reason of this enhancement is the refinement ofβ-Sn.On the other hand,
CeSn3 tends to be absorbed at grain boundary and decrease boundarymovement [29]. In addition, the strain
field of large RE atoms and dislocations interact and restrain themovement of dislocations, thus increasing the
tensile strength of a solder joint [28]. Excessive intermetallic compound growth in solder joints will significantly
decrease the reliability of the joints [30], sowhenCe addition Reached 0.5 and 1.0 wt%, shear strengthwas
decreased.

4. Conclusions

Microstructure and properties of Sn-3.8Ag-0.7Cu-xCe lead-free solders with L-LST andCe addition are
investigated in this work. In the summary, themicrostructure was refined by L-LST andCe addition, leading to
the enhancement of spread ability and shear strength of Sn-3.8Ag-0.7Cu-xCe lead-free solders. Consequently,
this work confirmed thatmeltsmanipulations andCe addition could be an effective way to optimize Sn-3.8Ag-
0.7Cu-xCe lead-free soldersmicrostructures and properties.

ORCID iDs

Cao Lichao https://orcid.org/0000-0002-9560-5429

References

[1] KohH J et al 1995The effect of various thermal treatments on supercooling of PbTemeltsMaterials Science&Engineering B 34 199–203
[2] Li P J et al 2002 Effect ofmelt overheating, cooling and solidification rates onAl-16wt%Si alloy structureMaterials Science&

Engineering A 332 371–4
[3] Wang J et al 2003Grain refinement of Al–Si alloy (A356) bymelt thermal treatment J.Mater. Process. Technol. 141 29–34

Figure 5. Shear strength of Sn-3.8Ag-0.7Cu-xCe solders.

5

Mater. Res. Express 6 (2019) 1165b8 LXiaoguang et al

https://orcid.org/0000-0002-9560-5429
https://orcid.org/0000-0002-9560-5429
https://orcid.org/0000-0002-9560-5429
https://orcid.org/0000-0002-9560-5429
https://doi.org/10.1016/0921-5107(95)01319-9
https://doi.org/10.1016/0921-5107(95)01319-9
https://doi.org/10.1016/0921-5107(95)01319-9
https://doi.org/10.1016/S0921-5093(01)01864-0
https://doi.org/10.1016/S0921-5093(01)01864-0
https://doi.org/10.1016/S0921-5093(01)01864-0
https://doi.org/10.1016/S0924-0136(02)01007-5
https://doi.org/10.1016/S0924-0136(02)01007-5
https://doi.org/10.1016/S0924-0136(02)01007-5


[4] LiangC et al 2017Optimizingmicrostructures andmechanical properties of hypereutectic Al-18%Si alloy viamanipulating its parent
liquid stateMaterials Science&Engineering A 690 387–92

[5] HuangZY et al 2010Different solidification behaviours of Bi-10wt%Te alloy induced by liquid structural change Physics&Chemistry
of Liqiuds 48 699–707

[6] Li X F et al 2010 Effect of Liquid-Liquid Structure Transition on Solidification andWettability of Sn-0.7Cu solder J. Alloys Compd. 505
472–5

[7] Li X F et al 2006High-Temperature liquid-liquid structure transition in liquid Sn–Bi alloys: experimental evidence by electrical
resistivitymethod Physics Letter A 4 325–9

[8] KatayamaY et al 2000Afirst-order liquid-liquid phase transition in phosphorusNature 403 170–3
[9] DahlborgU et al 2007 Structure ofmoltenAl–Si alloys J. Non-Cryst. Solids 353 3005–10
[10] Wang L, BianX and Liu J 2004Discontinuous structural phase transition of liquidmetal and alloys (1)Physics Letter A 326 429–35
[11] ZuFQ et al 2002Observation of an anomalous discontinuous liquid-structure changewith temperature Physics Review Letters 89

125505
[12] PlevachukY et al 2005 Electronic properties and viscosity of liquid Pb–Sn alloys Journal of Alloys andCoumpounds 394 63–8
[13] LiuC S et al 2005Quantitative analysis based on the pair distribution function for understanding the anomalous liquid-structure

change in In20Sn80 Physics Review B. 71 0642041–5
[14] ZuFQ et al 2010Abnormal solidification of Bi–Te alloys induced by liquid structural statesMater. Sci. Semicond. Process. 13 86–91
[15] WangH et al 2009 Effects of Al, Ga andAg on the anti-oxidation andwetting reactions of Sn-9Zn-X soldersChinaWelding. 18 57–61
[16] ZhangQC et al 2015 Influence ofmn onwettability andmicrostructure of low-silver lead-free soldersChinaWelding 24 11–7
[17] Zhang L et al 2014 Properties andmicrostructures of SnAgCu-xEu alloys for concentrator silicon solar cells solder layer Solar Energy

Materials & Solar Cells 130 397–400
[18] LiuHM,MengGG andKangM2014 Study ofmelting point: solderability and interfacemicrostructure of SnAgCu-XSm/Cu

International Forum on Strategic Technology 444–7
[19] Zhang L et al 2014 Properties enhancement of SnAgCu solders containing rare earth YbMater. Des. 57 646–51
[20] Gao L L, Xue S B andZhuH2012The effect of praseodymium (Pr) additions on shear strength andmicrostructure of SnAgCu joints

during the aging process Soldering& SurfaceMount Technology 24 216–22
[21] Li L F,QiuT, Yang J A and Feng YB 2011 Effects of rare earth La on themicrostructure andmelting property of (Ag-Cu-28)−30Sn

alloys prepared bymechanical alloyingRareMet. 30 49–52
[22] Gao L L et al 2010 Effects of trace rare earthNd addition onmicrostructureand properties of SnAgCu solder J.Mater. Sci.,Mater.

Electron. 21 643–8
[23] DrienovskyM et al 2015 Influence of cerium additiononmicrostructure and propertiesof Sn–Cu–(Ag) solder alloysMater. Sci. Eng., A

623 83–91
[24] Zhang L et al 2009 Effects of rare earths on properties andmicrostructures of lead-free solder alloys J.Mater. Sci.,Mater. Electron. 20

685–94
[25] Yang J et al 2012 Effect of rare earths addition onmechanical properties andwetting behavior of Sn-2.5Ag-0.7Cu lead-free solder

AdvancedMaterials Research 490-495 3119–23
[26] ZhaiWG et al 2016 Effect of Ce on resistivity of Sn-3.8Ag-0.7Cu-xCe lead-free solders Physics&Chemistry of Liquids 54 37–41
[27] LinH J andChuang YH2010 Effects of Ce andZn additions onmicrostructure andmechanical properties of Sn-3Ag-0.5Cu solder

joints J. Alloys Compd. 500 167–74
[28] WuCML et al 2004 Properties of lead-free solder alloyswith rare earth element additionsMaterials Science and Engineering R 1 44
[29] NohB et al 2010 Effects of cerium content onwettability,microstructure andmechanical properties of Sn–Ag–Ce Solder alloys J. Alloys

Compd. 499 154–9
[30] Ngoh S L, ZhouWand JHLP 2008 Effect of stress state on growth of interfacial intermetallic compounds between Sn–Ag–Cu solder

andCu substrates coatedwith electrolessNi immersion Au Journal of ElectronicsMaterials 37 1843–50

6

Mater. Res. Express 6 (2019) 1165b8 LXiaoguang et al

https://doi.org/10.1016/j.msea.2017.03.016
https://doi.org/10.1016/j.msea.2017.03.016
https://doi.org/10.1016/j.msea.2017.03.016
https://doi.org/10.1080/00319100902913197
https://doi.org/10.1080/00319100902913197
https://doi.org/10.1080/00319100902913197
https://doi.org/10.1016/j.jallcom.2010.06.087
https://doi.org/10.1016/j.jallcom.2010.06.087
https://doi.org/10.1016/j.jallcom.2010.06.087
https://doi.org/10.1016/j.jallcom.2010.06.087
https://doi.org/10.1016/j.physleta.2006.01.058
https://doi.org/10.1016/j.physleta.2006.01.058
https://doi.org/10.1016/j.physleta.2006.01.058
https://doi.org/10.1038/35003143
https://doi.org/10.1038/35003143
https://doi.org/10.1038/35003143
https://doi.org/10.1016/j.jnoncrysol.2007.05.031
https://doi.org/10.1016/j.jnoncrysol.2007.05.031
https://doi.org/10.1016/j.jnoncrysol.2007.05.031
https://doi.org/10.1016/j.physleta.2004.04.052
https://doi.org/10.1016/j.physleta.2004.04.052
https://doi.org/10.1016/j.physleta.2004.04.052
https://doi.org/10.1103/PhysRevLett.89.125505
https://doi.org/10.1103/PhysRevLett.89.125505
https://doi.org/10.1016/j.jallcom.2004.10.051
https://doi.org/10.1016/j.jallcom.2004.10.051
https://doi.org/10.1016/j.jallcom.2004.10.051
https://doi.org/10.1103/PhysRevB.71.064204
https://doi.org/10.1103/PhysRevB.71.064204
https://doi.org/10.1103/PhysRevB.71.064204
https://doi.org/10.1103/PhysRevB.71.064204
https://doi.org/10.1016/j.mssp.2010.03.004
https://doi.org/10.1016/j.mssp.2010.03.004
https://doi.org/10.1016/j.mssp.2010.03.004
https://doi.org/10.1016/j.solmat.2014.07.034
https://doi.org/10.1016/j.solmat.2014.07.034
https://doi.org/10.1016/j.solmat.2014.07.034
https://doi.org/10.1016/j.matdes.2013.12.076
https://doi.org/10.1016/j.matdes.2013.12.076
https://doi.org/10.1016/j.matdes.2013.12.076
https://doi.org/10.1108/09540911211240083
https://doi.org/10.1108/09540911211240083
https://doi.org/10.1108/09540911211240083
https://doi.org/10.1007/s12598-011-0195-7
https://doi.org/10.1007/s12598-011-0195-7
https://doi.org/10.1007/s12598-011-0195-7
https://doi.org/10.1007/s10854-009-9970-8
https://doi.org/10.1007/s10854-009-9970-8
https://doi.org/10.1007/s10854-009-9970-8
https://doi.org/10.1016/j.msea.2014.11.033
https://doi.org/10.1016/j.msea.2014.11.033
https://doi.org/10.1016/j.msea.2014.11.033
https://doi.org/10.1007/s10854-009-9895-2
https://doi.org/10.1007/s10854-009-9895-2
https://doi.org/10.1007/s10854-009-9895-2
https://doi.org/10.1007/s10854-009-9895-2
https://doi.org/10.4028/www.scientific.net/AMR.490-495.3119
https://doi.org/10.4028/www.scientific.net/AMR.490-495.3119
https://doi.org/10.4028/www.scientific.net/AMR.490-495.3119
https://doi.org/10.1080/00319104.2015.1058941
https://doi.org/10.1080/00319104.2015.1058941
https://doi.org/10.1080/00319104.2015.1058941
https://doi.org/10.1016/j.jallcom.2010.03.233
https://doi.org/10.1016/j.jallcom.2010.03.233
https://doi.org/10.1016/j.jallcom.2010.03.233
https://doi.org/10.1016/j.mser.2004.01.001
https://doi.org/10.1016/j.jallcom.2010.03.179
https://doi.org/10.1016/j.jallcom.2010.03.179
https://doi.org/10.1016/j.jallcom.2010.03.179
https://doi.org/10.1007/s11664-008-0540-2
https://doi.org/10.1007/s11664-008-0540-2
https://doi.org/10.1007/s11664-008-0540-2

	1. Introduction
	2. Experimental procedure
	2.1. Solidification experiment
	2.2. Spread ability test
	2.3. Tensile test

	3. Results and discussion
	3.1. Solidification microstructure
	3.2. Wettability
	3.3. Shear strength

	4. Conclusions
	References



