
Abstract 

Electronic packaging reliability depends largely on the me-

chanical integrity of soldered interconnects. Thus, the purpose 

of this work was to use a new nano-indentation technique, 

Express Test, to map the hardness of a SAC 305 solder joint 

with gold plating. In this study after extended aging, the solder 

joint comprised three constituents: a tin-rich matrix, a bulk 

intermetallic AuSn4, and an interfacial intermetallic (Cu, Ni, 

Au)6Sn51. The softest material was the tin-rich matrix, which 

had a hardness of 0.51±0.07GPa. The hardness of the bulk in-

termetallic was 2.12±0.18GPa. The interfacial intermetallic had 

extraordinary hardness— greater than 8GPa. Under uniform 

plastic strain, the mismatch in hardness between the interfacial 

intermetallic and surrounding material may increase the local 

stress intensity factor which drives interfacial fracture.
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1. This parenthetical notation indicates that the intermetallic compound is primarily Cu6Sn5 with absorbed Ni and Au replacing some of the Cu.

Introduction 

The reliability of soldered connections in 

electronic packaging depends on mechani-

cal integrity, because mechanical failure 

can cause electrical failure. Mechanical 

integrity, in turn, depends on mechanical 

properties. Thus, the purpose of this work 

was to use an advanced form of nano-

indentation to quantitatively map the me-

chanical properties of all the components 

of a solder joint. We focus speciically on 
the SAC 305 solder alloy (96.5% Sn, 3% 

Ag, and 0.5% Cu) due to its prevalent use 

in electronic packaging.  

Generally, solder joints are not uniform. 

They have a complex microstructure which 

depends on many factors: the solder and 

plating materials, the size of the joint 

(which constrains grain size), and the 

exposure of the joint to stress and tem-

perature over time. Some alloys favor the 

development of intermetallic compounds 

(IMCs) within a tin-rich matrix. 

In soldered joints, IMC development 

depends on the metallization used to 

prepare components for bonding. Copper 

is typically used for board and electronic 

terminals. Commonly, a barrier layer of 

nickel is applied to the copper, followed by 

a gold layer that protects the nickel and 

improves wetting. When such terminals 

are joined by SAC 305 solder, AuSn4 forms 

in the bulk and migrates to the solder joint 

interface with time to form a brittle layer. 

Recently, Mukherjee et al showed that 

the migration of AuSn4 to the solder joint 

interface can be inhibited by replacing the 

Ni/Au metallization with a Sn layer over 

the copper, even when gold is available 

from metallization on the mating surface 1. 

Nano-indentation (also known as instru-

mented indentation) is ideal for measuring 

the mechanical properties of soldered 

connections, because it is highly localized 

and requires minimal sample preparation. 

Traditionally, nano-indentation involves 

pressing a diamond indenter into a test 

surface while continuously monitoring the 

contact force and penetration; hardness 

and Young’s modulus are calculated from 

each indentation 2. In this work, we use 

an advanced form of nano-indentation, 

called Express Test, which optimizes the 

indentation process and data handling for 

high-speed testing. With Express Test, the 

indenter tip hovers just over the surface 

and performs indents in rapid succession 

to form an array of discrete indentations 3.

Experimental Method 

Sample preparation

A soldered connection was prepared to 

deliberately promote IMC growth. The 

sample preparation is summarized here 

and provided in detail elsewhere (sample 

II-5) 1. Two mating copper platens received 

different bonding preparations. The irst 
copper surface was coated with 2.54μm of 
Ni, followed by 3.81μm of Au. The second 
copper surface was coated with 1.27μm 
of Sn. The plated copper surfaces were 

joined using SAC 305 solder produced 

by Kester using the prescribed relow. 
After soldering, the joint was aged for one 

month at 121°C (80% of Tmelt). Prior work 

on this sample has shown that AuSn4 

develops in the bulk of the joint and (Cu, 

Au)6Sn5 develops at the interface with Sn 

metallization. To prepare the joint for na-

no-indentation, the sample was mounted 

in epoxy, ground with silicon carbide paper 

and polished using alumina suspensions 

(1, 0.3 and 0.05μm). Figure 1 shows an 
optical image of the joint, prepared for 

nano-indentation

Nano-indentation

All testing was performed with a Keysight 

Technologies, Inc. G200 NanoIndenter with 

Express Test, NanoVision, and an XP head 

itted with a Berkovich indenter. With this 
coniguration, indentations can be per-
formed at a rate of one indent every three 

seconds. The test method “Express Test to 

a Force” was used to perform two indenta-

tion arrays. The irst array comprised 40 x 
40 indents within a 100μm x 100μm area 
and spanned the breadth of the solder 

joint. The second array was 40 x 20 indents 

Figure 1.  SAC 305 solder joining two copper 
platens.  
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within a 100μm x 50μm area and spanned 
the interface between the solder and the 

copper platen with Sn metallization. All 

indentations were performed to a peak 

force of 2mN.

Results and Discussions

Figures 2 and 3 show side-by-side images 
of the indentation arrays and the resulting 

hardness maps. The time required to make 

the large array (Figure 2) was 68 minutes. 
Without Express Test, the time required for 

a similar array of 1600 indents would have 

been more than a day, because traditional 

nano-indentation requires about 1 minute 

per indentation 4. 

In Figures 2 and 3, the size of the re-

sidual impression indicates the hardness, 

because all indentations were performed 

to the same force. In softer materials, this 

force leaves a large residual impression. 

In harder materials, the impressions are 

correspondingly smaller. At the interface 

between the solder and the Sn-plated 

copper, the residual impressions are de-

formed—they are not perfectly triangular. 

This is because the interface is so hard 

that the surrounding (softer) material is 

preferentially removed during prepara-

tion for nano-indentation, thus leaving 

a “bump” at the interface. This “bump” 
compromises the nano-indentation re-

sults, because nano-indentation analysis 

assumes a test surface which is orthogo-

nal to the direction of indentation. An 

alternate method of preparation, such as 

focused-ion-beam milling, may be better 

for exposing soldered surfaces for nano-

indentation.

The various materials in the joint are dis-

tinguished according to hardness. In order 

to report quantitative hardness values 

for each kind of material, domains were 

selected which were clearly and entirely 

within one kind of material; the white 

boxes on the hardness maps identify these 

domains. The quantitative hardness values 

are summarized in Table 1. The bulk solder 

is the softest material, having a hardness 

of about 0.5GPa. The hardness of the in-

termetallic AuSn4 which forms in the bulk 

has a hardness of about 2GPa, which is 

similar to that of the Cu. The (Cu, Au)6Sn5 

that develops at the Sn-plated platen has 

extraordinary hardness— greater than 

8GPa. This mismatch in hardness is a con-

cern for reliability, because it means that 

plastic strains cause much higher stresses 

in the IMC than in the surrounding mate-

rial. In other words, a strain large enough 

to cause plastic low in the Sn or AuSn4 
may cause only elastic deformation in the 

(Cu, Au)6Sn5, thus causing a discontinuity 

in stress at the boundary. This disconti-

nuity increases the local stress-intensity 

factor which drives fracture.

Conclusions

The goal of the present work was to use 

nano-indentation to map the mechani-

cal properties of a SAC 305 solder joint, 

because electronic reliability depends on 

mechanical integrity. Although we could 

have used traditional nano-indentation 

for such mapping, the testing time would 

have been prohibitively long. However, 

with the Express Test option for Keysight’s 

G200 NanoIndenters, we were able to 

generate quantitative and highly resolved 

hardness maps in about an hour. The 

hardness of the tin-rich matrix was about 

0.51±0.07GPa; the hardness of the AuSn4 

was slightly greater at 2.12±0.18GPa. The 

(Cu, Au)6Sn5 that develops at the Sn-plat-

ed copper platen has extraordinary hard-

ness— greater than 8GPa. The mismatch 

in hardness between the (Cu, Au)6Sn5 and 

surrounding material may increase the 

local stress intensity factor which drives 

fracture.  

Figure 3.  (a) Indentation array on a SAC 305 
solder and Sn-plated Cu platen, and (b) resulting 

hardness map. Indentations within white box are 

averaged to determine the hardness of the Cu 

platen. 

Table 1.  Hardness of SAC 305 solder-joint 

constituents.

Material Hardness (GPa)

Sn-rich matrix 0.51±0.07 (N = 16)

AuSn4 2.12±0.18 (N = 16)

(Cu, Au)6Sn5 > 8

Cu platen 2.01±0.10 (N = 100)

Figure 2.  (a) Indentation array on a SAC 305 sol-
der joining two copper platens, and (b) resulting 

hardness map. Indentations within the top white 

box are averaged to determine the hardness of 

the AuSn4; indentations within the bottom white 

box are averaged to determine the hardness of 

the tin-rich matrix.
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