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In this paper we propose a novel method, spherical indentation, for evaluation
of the plastic properties of combined structures. Three-dimensional (3D)
printed products, for example gradient metal alloys consisting of different
kinds of material, contain interfaces that can act as weak points and threaten
the mechanical reliability of products. Combined structures containing an
interface between Cu alloy and Ag were prepared for testing. Samples were
heat-treated at 100�C and 200�C for 3 h to optimize processing conditions. The
indentation tensile properties of the samples were estimated by analyzing
multiple loading–unloading curves obtained by use of the representative
stress and strain method. A continuous increase in both yield strength and
tensile strength was observed for the Cu alloy and the Cu/Ag interface after
heat treatment at up to 200�C, because of precipitation hardening. These
experimental results show that mechanical characterization of combined
structures by spherical indentation is highly useful on the nano and micro
scales.
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INTRODUCTION

In manufacturing industry, 3D printing technol-
ogy has the potential to become an economic
breakthrough that makes process and material
consumption more efficient than traditional manu-
facturing methods with such complex cycles as
casting, rolling, and cutting. Because this technol-
ogy can be utilized in a wide range of industries
from health care to manufacture, the number of
fields in which 3D printing is used is steadily
increasing.1–3 Metal-based 3D printing has recently
attracted much attention. However, it is known that
the mechanical properties of 3D-printing-based
products are strongly affected by, for example,
manufacturing process, loading direction, and post

heat treatment.4,5 In particular, the interface
between different materials in products such as
gradient metal alloys (GMA) can threaten mechan-
ical reliability. It is, thus, necessary to verify the
mechanical properties of the products on the micro
and nano scales.4,6 However, conventional tests, for
example the tensile test and crack tip opening dis-
placement are difficult to apply to nano and micro
structures, because of size limitations. Recently,
nano-indentation has become prominent as an
alternative method of mechanical testing on the
nano and micro scales. A variety of mechanical
properties can be derived from the load–displace-
ment curve, which continuously records indentation
displacement and load at an indenter. Initially, this
method could only be used to evaluate elastic mod-
ulus and hardness;7,8 now, however, it has been
broadened to handle residual stress,9,10 viscoelas-
ticity,11,12 fracture toughness,13 and indentation
tensile properties.14,15(Received July 15, 2014; accepted December 10, 2014;
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In this study, spherical instrumented indentation
was used to evaluate the tensile properties of com-
bined structures. The samples were three kinds of
7-lm-thick layer: Cu alloy, Ag, and the Cu/Ag
interface. Heat treatment of the samples was con-
ducted to find the optimum process conditions, for
example temperature and time. By use of the rep-
resentative stress and strain approach, yield
strength and tensile strength were extracted from
multiple loading–unloading curves. The tensile
properties of the samples were compared for differ-
ent testing location and heat-treatment conditions.

THEORETICAL BACKGROUND

Determining the precise contact displacement is
an important step, because indentation tensile
properties are very dependent on it. Real contact
displacement hc can be calculated by considering
not only peak displacement hmax in the load–dis-
placement curve but also the elastic deflection hd

8

and plastic pile-up hp that occur around the
indenter at the moment of indentation14:

hc ¼ hmax � hd þ hp: (1)

On the basis of the geometrical shape of the
indenter, the contact radius ac and contact area Ac

of a material can be calculated from the contact
displacement hc and indenter radius R.

It is well known that the relationship between
representative stress, rr, and mean pressure, Pm,
is16:

rr ¼
1

w

� �
Pm ¼

1

w

� �
Lmax

Ac

� �
; (2)

where w is a plastic constraint factor and Lmax is the
peak load. Here a constant value of 3.0 was used for
w on the basis of slip line theory, as verified for a
variety of materials by use of finite element ana-
lysis.17

The representative strain is defined by analyzing
the strain in the lower part of the spherical
indenter14:

er ¼
affiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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q

0
B@

1
CA ac

R

� �
: (3)

The shear strain was derived by defining and
differentiating the displacement in the direction of
the indentation axis, and the proportional constant
a was determined as 0.14 by finite-element analysis.
A schematic diagram of the procedure for deter-
mining tensile properties, i.e. yield strength and
tensile strength, is shown in Fig. 1.18 Representa-
tive stress and strain were obtained by constructing
several loading–unloading curves, then fitting these
by use of constitutive equations. A Hollomon-type

equation was used for common metallic materials
for which power-law hardening is observed. Yield
strength was determined as the intercept of the flow
curve with the slope of elastic modulus, 0.2% offset
from the origin. The ultimate tensile strength can
be calculated by using the relationship with the
strain-hardening exponent and ultimate tensile
strain from the theory of instability in tension.19

EXPERIMENTAL

Combined-structure Cu alloy/Ag samples 7 lm
thick were prepared for nanoindentation. The
chemical composition of the Cu alloy is summarized
in Table I. For electronic devices, extension of the
operating temperature range to 200�C is necessary,
as is enhancement of package reliability. Samples
were heat treated at 100�C and 200�C for 3 h, fol-
lowed by furnace cooling. After heat treatment, all
specimen surfaces were mechanically ground with
emery paper and finely polished with 0.1 lm alu-
mina powder. Nanoindentation tests were con-
ducted by use of the Nanoindenter XP (MTS
Systems, Oak Ridge, TN, USA) with load resolution
50 nN and displacement resolution 0.01 nm. The
maximum depth was 180 nm with sixfold unloading
to zero load. A diamond sphero-conical indenter
with tip radius 1 lm was used. The distance
between two indents was 5 lm, to avoid interaction
between indentation tests. To minimize extrinsic
effects, thermal drift was controlled below 0.02 nm/s
and indenter blunting was taken into account by
area calibration, by use of fused quartz. A schematic

Fig. 1. Schematic diagram of the procedure for determining tensile
properties by use of the representative stress and strain approach.18

Table I. Composition of the Cu alloy in the Cu/Ag
combined structure

Element Cu Si Ni Mg Total

wt.% 96.2 0.65 3 0.15 100
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diagram of specimen and the test positions is shown
in Fig. 2.

RESULTS AND DISCUSSION

Figure 3 shows multiple plots of loading–unload-
ing as a function of displacement at room tempera-
ture for combined-structure Cu/Ag samples. As is
apparent from Fig. 3, the sample can be broken
down into three parts, Cu alloy, Ag, and Cu/Ag
interface, because distinct load differences are
observed for each part at fixed displacement. Load-
ing and unloading curves for combined-structure
samples with three heat-treatment conditions,
100�C or 200�C for 3 h or no heat treatment, were
analyzed to evaluate tensile properties by use of a

Fig. 2. Schematic diagram of Cu/Ag combined structure and test positions.
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Fig. 3. Multiple loading and unloading curves from spherical inden-
tation at room temperature.
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Fig. 4. Yield strength (a) and tensile strength (b) of Cu alloy, Cu/Ag
interface, and Ag as a function of heat-treatment conditions, deter-
mined by use of spherical indentation.
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representative stress and strain method. Figure 4
compares yield strength and tensile strength for
each position and heat-treatment conditions;
Table II shows the resulting mechanical properties.
Theoretical analysis and finite element methods for
the elastic–plastic indentation stress field associ-
ated with an indenter were performed to establish
the relationship between indentation hardness and
uniaxial strength.20,21 Moreover, work focused on
the accuracy of tensile properties resulting from
spherical indentation and tried to compare these
with the properties of bulk metal.18,22 In this
experiment, the yield strengths of the Cu alloy and
Ag by indentation at room temperature were,
respectively, 539 ± 13 MPa and 73 ± 3 MPa; the
room-temperature tensile strengths of the Cu alloy
and Ag were 668 ± 19 MPa and 164 ± 20 MPa.
Comparison of these indentation values with those
in the literature derived by tensile testing23,24 yields
a ±15% error range between the two, showing that
the tensile properties from this experiment corre-
late well with those from standard tensile testing.

The results in Fig. 4 can be used to represent
mechanical behavior on the nano and/or micro scale.
For the Cu alloy, both yield and tensile strength
increase continuously with increasing heat-treat-
ment temperature until 200�C. The yield and tensile
strength of the Cu alloy heat treated at 200�C are
approximately 10% greater than that of the Cu alloy
with no heat treatment. This difference is because of
precipitation hardening, which occurs frequently for
copper–nickel–silicon. From these experimental
results it is apparent that the properties of the Cu
alloy layer in the sample can be enhanced by heat
treatment between room temperature and at least
200�C.

It is important to assess the mechanical proper-
ties of the interface because that is where fracture is
usually initiated. However, it is extremely difficult
to test because of its small width. One of the
advantages of indentation is that it enables such
small-scale testing, and the results of this experi-
ment proved it is true here also. The mechanical
properties the Cu alloy–Ag interface increased
similarly to those of the Cu alloy as a function of
heat-treatment temperature. The interface has
somewhat poorer mechanical properties than the
Cu, in accordance with the rule of mixtures between
Cu alloy and Ag. It is expected that recovery and

recrystallization will be induced, leading to a
decrease in yield/tensile strength after heat treatment
at temperatures >500–700�C. The yield-strength
and tensile-strength of Ag were not significantly
different after heat treatment: because the Ag layer
in the combined structure is of high purity, its
thermal stability is greater than that of the other
components.

CONCLUSIONS

In this study, nanoindentation experiments using
a spherical indenter were performed on Cu/Ag
combined structures to evaluate their mechanical
behavior. The yield strength and tensile strength,
regarded as the most fundamental mechanical
properties, were evaluated from multiple loading–
unloading curves by using the representative stress
and strain approach. Hardening behavior was
observed for the Cu alloy and the Cu/Ag interface
after heat treatment at 100�C and 200�C, because of
precipitation hardening, whereas the mechanical
properties of pure silver were not affected. Spherical
indentation was successfully used for local evalua-
tion of the mechanical reliability of complex struc-
tures, and can be used to determine optimum
processing conditions, for example heat-treatment
temperature and time, on the micro and nano
scales.
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