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Abstract: The joining of lead-free Sn-3.0Ag-0.5Cu (SAC305) solder alloy to metal substrate with the
addition of a porous Cu interlayer was investigated. Two types of porous Cu interlayers, namely
15 ppi—pore per inch (P15) and 25 ppi (P25) were sandwiched in between SAC305/Cu substrate.
The soldering process was carried out at soldering time of 60, 180, and 300 s at three temperature
levels of 267, 287, and 307 ◦C. The joint strength was evaluated by tensile testing. The highest strength
for solder joints with addition of P25 and P15 porous Cu was 51 MPa (at 180 s and 307 ◦C) and
54 MPa (at 300 s and 307 ◦C ), respectively. The fractography of the solder joint was analyzed by
optical microscope (OM) and scanning electron microscopy (SEM). The results showed that the
propagation of fracture during tensile tests for solder with a porous Cu interlayer occurred in three
regions: (i) SAC305/Cu interface; (ii) inside SAC305 solder alloy; and (iii) inside porous Cu. Energy
dispersive X-ray spectroscopy (EDX) was used to identify intermetallic phases. Cu6Sn5 phase with
scallop-liked morphology was observed at the interface of the SAC305/Cu substrate. In contrast,
the scallop-liked intermetallic phase together with more uniform but a less defined scallop-liked
phase was observed at the interface of porous Cu and solder alloy.

Keywords: porous Cu interlayer; Sn-3.0Ag-0.5Cu solder alloy; joint strength; fracture morphology

1. Introduction

At present, solder is widely used in the semiconductor packaging industry with the purpose of
providing electronic connection. It also plays an important role in the joining of metal components in
the transportation, aerospace and energy industries [1–3]. Driven by miniaturization and increased
requirements for advanced electronic devices, it is crucial to develop a solder alloy that can remain
stable under extreme environments and perform well under high temperature operating systems [4].
Thus, the characteristic performance of the solder alloys is critical since a good quality solder joint
could ultimately determine the effective function and reliability of a semiconductor device.

Due to health and environmental concerns, the use of lead-free (Pb-free) solders has been
proposed to substitute the lead containing solders in the electronic packaging process [5,6]. To date,
Sn-3.0Ag-0.5Cu (SAC305) solder alloy has been proposed as a promising alternative to replace the lead
containing solder alloys in electronic applications due to its favourable mechanical properties including
superior resistance to creep and thermal fatigue [3,7,8]. This solder is generally applied in commercial
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microelectronic devices where the operating temperature usually does not exceed 260 ◦C. However,
due to the higher melting temperature of SAC305 solder alloy (217 ◦C) compared to the conventional
Sn-Pb solder alloy (183 ◦C), SAC305 solder alloy is thus more viable for middle-temperature-ranged
applications [9].

Several studies using SAC305 solder alloy in the electronics assemblies operated at higher
temperature have been successfully reported. In a Chellvarajoo et al. study, they reengineered
the composite SAC305 solder alloy by adding nanoparticles to enhance the reliability of the solder
joint. They found the intermetallic compound (IMC) growth stunted by increasing the percentage of
nanoparticles of iron nickel oxide (Fe2NiO4) or nickel oxide (NiO) in the SAC305 solder matrix [10,11].
In addition, attempts have also been made in improving the solderability of SAC305 solder alloy in
high temperature electronic applications by altering the joining methods through the utilization of
an interlayer material in the soldering process, such as during the transient liquid phase (TLP) bonding
process. TLP bonding is an established joining technique for die attach bonding in the application of
high temperature electronic systems [2]. Generally, a thin layer of low melting point metal is utilized
as the interlayer material for an effective bonding during the TLP process. Liu et al. study reported
enhanced joint strength and restrained formation of the IMC layer was observed through the use of
a composite preform consisting of an Ag based metal core layer with Sn-Ag based solder layers at both
sides during the TLP bonding process [12].

More recently, it has been reported that lead-free solder alloys containing additional metal
elements have decreased the melting temperature and improved the tensile strength of the solder
joints. This was successfully accomplished by adding Cu nanoparticles into Sn-Ag solder alloys [13].
The examination of interfacial interaction during the soldering process showed that Cu particles were
dissolved in the solder alloys and this influenced the chemical structure of the Sn-Ag solders, leading
to lower melting temperatures and an increase in the solder joint strength. As a result of this promising
finding, few studies have been reported to adopt similar techniques for various lead-free solders.

Furthermore, some achievement with enhanced joint quality was also found in the studies through
the utilization of porous metal interlayer during the joining process in the field of metal-joining
application. Recently, porous metal interlayers have been widely used in various engineering designs
such as cooling electronic systems and in aerospace facilities due to its porosity, thermal conductivity
and usage efficiency [14–16]. The pores in the porous metal interlayer is reported to assist during the
residual stress absorption, which endows this unique feature a remarkable advantage for metal joining
applications [17].

For instance, Zaharinie et al. investigated the addition of a porous Cu/Ni interlayer sandwiched
in between the sapphire and inconel that were joined using vacuum brazing. The results showed that
the Cu/Ni porous composite in the sapphire-inconel joint altered the thermodynamic activity near
the ceramic portion of the sapphire, leading to the ductile IMC formation which further improved the
joining characteristics [18]. Previously, we have worked on the utilization of porous Cu interlayer in
the soldering process where the IMC growth and formation was affected by the porosity of the porous
Cu [19]. However, the results are preliminary and warrant further in-depth studies. Since this technique
is still in its infancy in the field of soldering technique for electronic assembly application, in this paper,
we aim to investigate the influence of porous Cu on its joint strengths, fracture morphologies and the
IMC formation. Therefore, modifying the physical soldering process of SAC305 solder alloy through
the incorporation of a porous Cu interlayer in the soldering configuration was attempted.

In this paper, the effects of a porous Cu interlayer on the mechanical properties and microstructure
of SAC305 solder joints were investigated. We hypothesized the porous Cu interlayer to function as
a metal foam allowing the molten solder alloy to penetrate into its internal porous structure to achieve
a better joint quality [20].
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2. Experimental Procedure

2.1. Material Selection

The SAC305 solder paste alloy material used was provided by Nihon Handa Co., Ltd. (Tokyo,
Japan). The chemical composition and general properties of the solder material are given in Tables 1
and 2 [21], respectively. Two types of open cells foam, namely porous Cu interlayer of 15 pore per inch
(ppi) and 25 ppi, signified as P15 and P25, were used as the solder joint reinforcement. The interlayer
porosity was determined using the mass displacement equation with water as the immersing medium
as shown in Figure 1. The percentage of porosity was calculated by the following equation from
Archimedes’ principle:

P(%) =
Was − Wd
Was − Ws

(1)

where P is the percentage of porosity, Was the weight of porous Cu after submerged in water,
Wd represents the weight in dry condition, and Ws the weight of porous Cu while submerged in water.
Note that the volume of water displaced is equal to the volume of the porous Cu being submerged.
The solid part in the porous Cu is called solid cell walls (SCW) [22].

Table 1. Chemical composition of solder alloy (wt. %).

Solder Alloy Cu Ag Bi Fe As Ni Pb Sb Sn

Sn-3.0Ag-0.5Cu 0.516 3.083 0.011 0.002 0.005 0.001 0.022 0.015 Bal.

Table 2. Mechanical properties of SAC305 [21].

Solder Alloy Melting Temperature,
◦C

Tensile Strength,
MPa

Young Modulus,
MPa

Hardness,
HV

Sn-3.0Ag-0.5Cu 217 50.6 54 13.3
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Figure 1. Archimedes’ technique to calculate porosity of porous Cu interlayer. (a) Porous in dry
condition; (b) porous while submerged in water; (c) porous after submerged in water.

2.2. Joining Procedure and Soldering Process Set Up

Two Cu cylindrical rods with dimensions of 30 mm in length and 8 mm in diameter were used
as the substrates. They were soldered together using 0.1 g of SAC305 solder alloy with porous Cu
in between the solder alloy, as configured in Figure 2. Prior to the soldering process, the porous
Cu interlayers (P15 and P25) were rolled manually with a solid cylinder to obtain a uniform layer
with 100 µm in thickness. The solder joint without porous Cu was prepared as a control specimen.
The prepared specimen was clamped using a fabricated jig to hold the sample during the soldering
process in the tube furnace, as shown in Figure 3. The tube furnace was set up in accordance with
the Japanese Industrial Standard, JIS Z 3191. Briefly as shown in Figure 4, the specimen was heated
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inside a movable tube furnace under Argon gas atmosphere at a predefined temperature and time.
The soldering process was conducted at temperatures of 267, 287, and 307 ◦C, with three different
holding times of 60, 180, and 300 s as listed in Table 3.Metals 2016, 6, 220 4 of 15 
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Figure 4. Schematic view of furnace set up as in Japanese Industrial Standard, JISZ 3191.

Table 3. Parameters setting for mechanical testing.

Parameters Setting Value

Soldering temperature, ◦C 267, 287, 307
Soldering time, s 60, 180, 300

Porous Cu 0, P15, P25

2.3. Joint Strength Analysis

The strength of the solder joint was measured by tensile testing. The tensile test was carried out at
room temperature using Instron® Corporation Universal Testing machine (Model No. 3369, Norwood,
MA, USA), with crosshead speed of 0.5 mm/min. The specimen was initially machined at the testing
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section to avoid the effect of difference in edge shape caused by over flowing of molten solder during
the soldering process. The results of this tensile strength were determined by the average value of
three different samples for each condition.

2.4. Microstructural Analysis

After the soldering process, the microstructural observations of the fractured surface were
observed under the optical microscope (OM, Olympus, Tokyo, Japan). The cross sections of the soldered
joints were also prepared using standard metallorgraphical procedures (sectioning, grinding and
polishing) for microstructural analysis. The elemental compositions of the IMC layer were analyzed
using scanning electron micrograph (SEM, Crest System (M) Sdn. Bhd., Eindhoven, The Netherlands)
equipped with energy dispersive X-ray spectroscopy (EDX, Crest System (M) Sdn. Bhd., Eindhoven,
The Netherlands). The fractography (surface and cross section) of the solder joint after the tensile test
was also examined by SEM and EDX to study their failure behaviour.

3. Results and Discussion

3.1. Verification of Porosity Percentage

Porous Cu interlayer is characterized by the size of the pore diameter which associates with the
porosity [23]. The percentages of the porosity are presented in Figure 5, both experimentally and
theoretically. The experimental value was measured by Archimedes’ technique, while the theoretical
value was calculated by the pore density formula. Figure 6 shows the surface structure of P15 and
P25 porous Cu in its pre-rolled and post-rolled conditions. The average thickness of the porous Cu
solid cell walls for P15 and P25 porous Cu was 0.23 mm and 0.06 mm, while the pore diameters for
P15 and P25 after rolling were 0.3 mm and 0.1 mm, respectively. This showed that the pores were still
distinct in shape even after being rolled into a very thin layer. The reason for rolling the porous Cu into
a very thin layer was to reduce the joint gap and thereby promote a homogeneous joint layer. In fact,
thick joints tend to reduce the joint strength [24].
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3.2. Effect of Porous Cu Interlayer Addition on Joint Strength

Figure 7 shows the effect of soldering time on joint strength at three different temperatures of
solder joint, with and without the two types of porous Cu interlayer. For the control sample without
porous Cu, it was observed that the effect of soldering time and temperature on joint strength was
minimal as similar joint strength values were recorded for all solder joints, ~40 MPa. In contrast, with
the porous Cu addition samples, increasing the soldering time and temperature generally increased
the joint strength of the solder joint. In addition, the joint strength of P25 porous Cu solder samples
seemed higher compared to the samples with P15 porous Cu at each applied soldering time and
temperature; with the exception for P15 porous Cu at soldering time of 60 s and 300 s and temperature
of 307 ◦C. This is possibly due to the effect of differential reaction of porous Cu interface with molten
solder in order to create bonding. Only a slight drop in the joint was observed for the P25 porous Cu
sample when temperature increased from 287 ◦C to 307 ◦C.

The highest strength for the P25 porous Cu addition sample was recorded at 51 MPa with
soldering time of 180 s and temperature of 307 ◦C, whereas, for the sample with P15 porous Cu
addition, 54 MPa marked the highest observed strength at soldering time of 300 s and temperature
of 307 ◦C. Both values are acceptable for the optimum joint strength of solder joint for the usage of
electronics devices [25]. These values are, in fact, comparable to the joint strength of die attach using
composite preform layer during joining as reported in Liu et al. study [12].
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3.3. Effect of Porous Cu Interlayer Addition on Fracture Behaviour

3.3.1. Fractured Surface

The specimens at soldering temperature of 307 ◦C and 300 s were selected for the microstructure
analysis due to the promising results obtained in the joint strength evaluation. The fractured surfaces
of both samples, (control and with porous Cu interlayer) are illustrated in Figure 8a–c, while high
magnification images of the selected area are shown in Figure 8d–f. The fracture of the solder joint
without porous Cu interlayer occurred in between the Cu substrate and the solder, as well as inside
the solidified SAC305 solder alloy, as shown in Figure 8a. At higher magnification, the surface was
seen to be mostly flat, consisting of micro ductile dimples and brittle failure indicating a mixed failure
that occurred in the solder of SAC305 (Figure 8d). Similar fracture behavior was also found on the
other control sample with different soldering parameters. This observation is in accordance with the
joint strength measurement obtained where they had approximately similar value of joint strength
(Figure 7).
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A rougher fractured surface was obtained on the sample soldered with P15 porous Cu, as shown
in Figure 8b. Fractured form of the porous Cu interlayer was obviously detected at the broken surface
after the tensile testing. This observation is similar to the brazing process involving metal foam where
a cup and cone liked structure of metal foam was detected at fractured surface [26]. The failure
locations were found at the solder interface close to the porous Cu interface, which corresponds to the
IMC layer. This can be explained by the formation of Cu6Sn5 IMC phase at the boundary between
the solder and porous Cu, as shown in Figure 8e. A larger solid cell wall for P15 will reduce the
penetration of molten solder inside porous Cu, creating a segment unreachable by molten solder
during the soldering process. Consequently, P15 bonding solid cell walls develop weakness hence
explaining the observation for lower joint strength of P15 porous Cu solder joint compared to the
P25 porous Cu at soldering temperatures of 267 ◦C and 287 ◦C (Figure 7a,b). However, at a higher
soldering temperature (307 ◦C) with soldering time 60 s and 300 s, the joint strength of solder joint with
P15 porous Cu obtained is slightly higher than the corresponding solder joint with P25 porous Cu.
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of 300 s; (a–c) optical microscope; (d–f) high magnification from SEM.

Figure 8c shows the fracture surface of the P25 porous Cu interlayer specimen. As shown in
Figure 7, higher joint strength was obtained for the solder joint with P25 porous Cu. The bright dimple
which arises from the cleavage surface was detected at the wall boundary of porous Cu and solder alloy
(Figure 8f). This cleavage surface developed as a result of decohesion of IMC involving Cu from porous
Cu and Sn from molten solder during slow elongation rate of tensile testing. As the amount of Cu
atom increased in solder joint system of P25 porous Cu, the reaction of Cu-Sn increased as well to form
the IMC phase. The IMC phase formation hindered the motion of atoms dislocation [27]. Subsequently,
this strengthened the adhesive bonding of interfacial reaction to increase the joint strength of solder
joint with P25 porous Cu, except for the solder joint formed at 307 ◦C with soldering time of 60 s
and 300 s.
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The relationship between the test load and displacement of solder joint of every sample at constant
speed rate of 0.5 mm/min at room temperature is shown in Figure 9. The points marked as x1, x2, x3

are the elongation distance to break the solder joint for samples without porous Cu as well as samples
with P15 and P25 porous Cu, respectively. From this, it is evident that the elongation of solder joint
with the addition of porous Cu increased to a larger extent compared to (without degrading the joint
strength) the solder joint without porous Cu. The solder joint with higher porosity of P25 porous Cu
had a larger elongation than the P15 porous Cu solder joint. The result can be summarized by the
following trend: x3 > x2 > x1. The increase of Cu atom quantity from porous Cu into interfacial reactions
during solidification of molten solder leads to formation of the IMC layer. This interaction between
Cu atoms and element from molten solder had possibly restricted the atom dislocation movement
and thereby increased the motion resistances of the solder joint, which ultimately generated plastic
behavior of the solder joint [13,27–29].
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3.3.2. Cross-Sectional Analysis

In order to better understand the crack behaviour of solder joint with addition of porous Cu
interlayer, the cross section of an as-soldered sample and after tensile test solder joint were observed.
Figure 10 shows the cross section micrograph of the solder joint with and without the porous Cu
interlayer. The as-soldered condition of solder joint without porous Cu is shown in Figure 10a. It is
evident that the crack initiated at the interface of IMC/SAC305 close to the Cu substrate and expanded
along the interface as in Figure 10b.

In the case of solder joint with added P15 porous Cu, a large segment of solid cell walls are in
contact with each other after being rolled to a very thin layer. As a result, the penetration of molten
solder into porous Cu is limited by the blockage from this solid cell wall structure (Figure 10b), and so
the crack fracture occurred inside the SAC305, inside the porous Cu and through the interface of
porous Cu/IMC (Figure 10c). Despite the smaller pore diameter in P25 porous Cu compared to P15
porous Cu, it was evident that the solid cell walls of P25 porous Cu had less contact with each other
as compared to P15 porous Cu. This facilitated better molten solder penetration to reach the inner
portion of the porous structure. From Figure 10c, the penetrated molten solder filled the gap inside
P25 porous Cu which was evident. It was found that a crack occurred inside the solder, and a few at
IMC/SAC305 interface when stress was loaded (Figure 10f). The crack also happened inside porous
Cu, which leads to a cleavage fractured, surface as mentioned in Section 3.3.1.
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On the other hand, the fracture, along those interfacial boundaries, was accelerated by interfacial
stress produced by the differences in physical properties such as thermal expansion. The presence of
porous metal in joining assemblies evidently minimize the difference in thermal expansion between
the interfaces to prevent the occurrence of joint crack [18]. Therefore, it can be concluded that the use
of porous Cu with capability of residual stress absorption can enhance the bond reliability and prevent
them from cracking, which was similarly mentioned by Fang et al. in their study through the use of
Cu interlayer in joining assembly [17].Metals 2016, 6, 220 10 of 15 
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3.4. Interfacial Structure Analysis

The joint strength of a solder joint is greatly influenced by the metallurgical bonding layer between
the solder alloy and the Cu substrate. It is a fact that the interfacial reactions that form IMC have
a role to ensure the effective joining between solder/solid interfaces [30]. Figures 11 and 12 show the
backscattered electron (BSE) images of IMC layers formed at both sides, namely at the substrate and
porous Cu interlayer. The elements of the selected surface are listed in Table 4, together with their
respective phases as identified according to the Sn-Cu phase diagram [31]. Basically, the Cu atoms of
IMC phase migrated from SAC305 solder alloy and the Cu substrate to form Cu6Sn5 phase joining
interface [32,33]. As seen in Figure 11a–c, the growth of an elongated scallop-liked layer of Cu6Sn5

phase at SAC305/Cu substrate interface was observed for the sample soldered at 307 ◦C and 300 s
with and without the addition of porous Cu. A very thin layer of Cu3Sn phase was also observed at
the boundary of Cu substrate in every sample. This is probably due to the limited diffusion of Sn from
Cu6Sn5 phase.



Metals 2016, 6, 220 11 of 15

Metals 2016, 6, 220 11 of 15 

 

the backscattered electron (BSE) images of IMC layers formed at both sides, namely at the substrate 

and porous Cu interlayer. The elements of the selected surface are listed in Table 4, together with 

their respective phases as identified according to the Sn-Cu phase diagram [31]. Basically, the Cu 

atoms of IMC phase migrated from SAC305 solder alloy and the Cu substrate to form Cu6Sn5 phase 

joining interface [32,33]. As seen in Figure 11a–c, the growth of an elongated scallop-liked layer of 

Cu6Sn5 phase at SAC305/Cu substrate interface was observed for the sample soldered at 307 °C and 

300 s with and without the addition of porous Cu. A very thin layer of Cu3Sn phase was also observed 

at the boundary of Cu substrate in every sample. This is probably due to the limited diffusion of Sn 

from Cu6Sn5 phase.  

 

Figure 11. Formation of intermetallic compound (IMC) layer at solder/Cu substrate for solder joint 

soldered with (a) no porous Cu, (b) P15 and (c) P25 at 307 °C with a holding time of 300 s. 
Figure 11. Formation of intermetallic compound (IMC) layer at solder/Cu substrate for solder joint
soldered with (a) no porous Cu; (b) P15 and (c) P25 at 307 ◦C with a holding time of 300 s.Metals 2016, 6, 220 12 of 15 

 

 

Figure 12. Formation of IMC layer at solder/porous Cu for solder joint soldered with (a) P15 and (b) 

P25 at 307 °C with a holding time of 300 s. 

Table 4. The element atomic percentage by energy dispersive X-ray (EDX) analysis for Figures 11 and 

12. 

Point 
Element (at. %) 

Cu Sn Phase 

A 55.17 44.6 Cu6Sn5 

B 55.41 44.41 Cu6Sn5 

C 67.19 32.77 Cu3Sn 

D 56.71 43.16 Cu6Sn5 

E 72.33 27.67 Cu3Sn 

F 55.42 44.5 Cu6Sn5 

G 63.4 36.32 Cu3Sn 

H 56.35 43.12 Cu6Sn5 

I 66.25 33.5 Cu3Sn 

Alternatively, with the addition of the porous Cu interlayer, both typical scallop-liked as well as 

more uniform and continuous layer of Cu6Sn5 phases were observed. Both types of IMC phases were 

present in the solder joint with porous Cu, with the scallop-shaped phases found to be more 

dominant for P15 porous Cu solder joint, while the latter phase appeared to be more prominent for 

the solder joint with P25 porous Cu (Figure 12a,b). The pores of P25 porous Cu was more compressed 

and compacted due to its smaller solid cell wall (0.06 mm). Smaller pore diameter of P25 porous Cu 

provided a larger contact area for the dissolution reaction with the molten solder to form IMC Cu6Sn5 

at porous Cu/SAC305 interface. Therefore, it can be assumed that more diffusion process of Cu-Sn 

atom occurred at porous Cu/SAC305 interface during penetration of molten solder into P25 porous 

Cu as compared to P15, leading to the formation of a more uniform and less-developed scallop type 

IMC structure at the solder joint with P25 porous Cu. This behavior was similarly found in Zou et 

al.’s investigation, where, with the use of small particles in solder alloy, had increased the surface 

area to volume ratio of reaction [6]. 

The structure of porous Cu consists of pores with varying diameter. The pores provide more 

channels to allow the molten solder to penetrate into the internal porous structure and therefore 

increase the element diffusion to provide a gripping mechanism. This results in the formation of IMC 

which forms an adhesion between solder and porous Cu as reported by George et al. [34]. 

3.5. Measurement of IMC Thickness 

Figure 12. Formation of IMC layer at solder/porous Cu for solder joint soldered with (a) P15 and
(b) P25 at 307 ◦C with a holding time of 300 s.



Metals 2016, 6, 220 12 of 15

Table 4. The element atomic percentage by energy dispersive X-ray (EDX) analysis for Figures 11
and 12.

Point
Element (at. %)

Cu Sn Phase

A 55.17 44.6 Cu6Sn5
B 55.41 44.41 Cu6Sn5
C 67.19 32.77 Cu3Sn
D 56.71 43.16 Cu6Sn5
E 72.33 27.67 Cu3Sn
F 55.42 44.5 Cu6Sn5
G 63.4 36.32 Cu3Sn
H 56.35 43.12 Cu6Sn5
I 66.25 33.5 Cu3Sn

Alternatively, with the addition of the porous Cu interlayer, both typical scallop-liked as well
as more uniform and continuous layer of Cu6Sn5 phases were observed. Both types of IMC phases
were present in the solder joint with porous Cu, with the scallop-shaped phases found to be more
dominant for P15 porous Cu solder joint, while the latter phase appeared to be more prominent for the
solder joint with P25 porous Cu (Figure 12a,b). The pores of P25 porous Cu was more compressed
and compacted due to its smaller solid cell wall (0.06 mm). Smaller pore diameter of P25 porous Cu
provided a larger contact area for the dissolution reaction with the molten solder to form IMC Cu6Sn5

at porous Cu/SAC305 interface. Therefore, it can be assumed that more diffusion process of Cu-Sn
atom occurred at porous Cu/SAC305 interface during penetration of molten solder into P25 porous
Cu as compared to P15, leading to the formation of a more uniform and less-developed scallop type
IMC structure at the solder joint with P25 porous Cu. This behavior was similarly found in Zou et al.’s
investigation, where, with the use of small particles in solder alloy, had increased the surface area to
volume ratio of reaction [6].

The structure of porous Cu consists of pores with varying diameter. The pores provide more
channels to allow the molten solder to penetrate into the internal porous structure and therefore
increase the element diffusion to provide a gripping mechanism. This results in the formation of IMC
which forms an adhesion between solder and porous Cu as reported by George et al. [34].

3.5. Measurement of IMC Thickness

The shape of IMC Cu6Sn5 phase at the SAC305/Cu substrate is typically hemispherical [35].
Additionally, it is a known fact that solid Cu has high conductive properties. It is mostly utilized
as heat exchangers for power electronics. On the contrary, porous Cu has a relatively low amount
of metal and therefore possesses low thermal conductivity, which is only adequate for commercial
electronics application [22]. The addition of porous Cu interlayer to the solder joint will therefore
provide more contact areas for heat transfer from solder alloy during the soldering process, which
forms a homogeneous IMC layer at SAC305/porous Cu interface.

Measurements on the IMC thickness at the interfaces would provide additional information that
is relevant to the behavior of the solder joints. The average thickness of the IMC layer (Cu6Sn5, Cu3Sn)
for every sample is shown in Table 5. The thickness of IMC layer at the interface of SAC305/Cu
substrate without porous Cu increased 1 µm with every increase of 20 ◦C of soldering temperature.
For solder joint with porous Cu, the measurement was made at both interfaces of SAC305/Cu substrate
and SAC305/porous Cu, and results showed that there was not much variation in the IMC thickness
measurement for both the interfaces; except at 307 ◦C, in which the IMC thickness for P15 porous Cu
at SAC305/Cu was about 2 µm thicker than at SAC305/P15 porous Cu interface. Similar observation
was also noted for the IMC thickness at the solder joint with P25 porous Cu and SAC305/Cu interface.
It can be deduced that the IMC thickness at SAC305/porous Cu reached the limit of deformation
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around 3–5 µm. Meanwhile, the IMC thickness at SAC305/Cu substrate for solder joint with and
without porous Cu showed a similar pattern of increment. This thickness measurement conformed
with the readings of typical IMC layer at interface of SAC305/Cu substrate as reported elsewhere [36].

Table 5. Average thickness of intermetallic compound (IMC) layer for every sample.

Soldering Temperature, ◦C

IMC Thickness, µm

No Porous
P15 P25

SAC/Cu SAC/Porous SAC/Cu SAC/Porous

267 4.2 3.6 3.3 4.6 3.9
287 5.0 4.8 4.1 5.5 4.4
307 6.4 6.5 4.9 6.8 4.5

4. Conclusions

The effect of porous Cu interlayer addition on the mechanical and microstructural characteristics
of SAC305 solder joints formed under different soldering times and temperatures were investigated.
The results obtained are summarized as follows:

(1) The joint strength of the Pb-free SAC305 solder joint with the addition of porous Cu interlayer
generally increased alongside with increasing soldering time and temperature.

(2) The highest strength for the solder joint with P25 porous Cu addition was recorded at 51 MPa,
at soldering time of 180 s and temperature of 307 ◦C, whereas the 54 MPa highest strength was
achieved with P15 porous Cu addition at 300 s with 307 ◦C.

(3) For solder joints without porous Cu, fracture occured along the interface of solder alloy and Cu
substrate. In the case of solder joints soldered with P15 and P25 porous Cu interlayer, fractures
occured at three regions, namely at the interface of solder and porous Cu interlayer, inside the
porous Cu interlayer as well as inside the solder itself.

(4) Microstructural analysis at the interfacial regions revealed the IMC phase at the SAC305/Cu
substrate interface to have a scallop-liked configuration. With addition of porous Cu, both typical
scallop-shaped as well as more uniform and continuous layers of IMC phases were observed.
The typical scallop-liked configurations were more dominant for the solder joint with P15 porous
Cu at the SAC305/P15 porous Cu interface, whereas the latter phase appeared to be more
prominent for the solder joint with P25 porous Cu at the SAC305/P25 porous Cu interface.

(5) The IMC layer at the interface of solder alloy and Cu substrate of all specimens was thicker than
that at the interface of solder alloy and porous Cu. The IMC layers at these two regions also
increased with soldering temperature. The uneven contact area at the interface of porous Cu and
solder alloy resulted in the formation of a less pronounced IMC layer.
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