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Abstract This study aimed to investigate the mechani-
cal properties of a surface modulation which was realized
through compaction, and then sintering of copper powders.
To this goal, Berkovich type of indenter and depth-sensing
indentation technique were used in microindentation to
measure the hardness and modulus of elasticity values at
different features of compact. Indentations were performed
with a peak force of 50 mN. Hardness values were obtained
in 0.88-1.12 GPa range while the modulus of elasticity was
recorded in the 70-111 GPa interval. Even though both mod-
ulus of elasticity and hardness values were noted to be dif-
ferent for copper powders and substrate, one-way ANOVA
analyses showed that the differences in both modulus of elas-
ticity and hardness values are insignificant. FE modeling of
microindentation was also performed and validated. It was
shown that the force—displacement values obtained from FE
analyses are quite well in agreement with the experimental
data.
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1 Introduction

The miniaturization trend in electronics industry forces man-
ufacturers to increase heat dissipation rates per unit area
to avoid system temperature rising significantly which may
lead to malfunctioning and breakdown of entire device [1].
Pure copper is known to have the highest electrical conduc-
tivity among the commercially available metals. In addition,
thanks to its high ductility, malleability, thermal conductiv-
ity and resistance to corrosion it is the prominent choice of
material in several industries including electronics, power,
and telecommunication. The most common applications are
cables, printed circuit board conductors, and wires. Cop-
per alloys are also preferred in heat exchangers and ther-
mal management systems in electronics. It was noted that
thermal conductivity of copper is about twice of that for
aluminum (403 vs. 237 W/m °C) [2]. Therefore, much more
heat can be dissipated more quickly using copper. It is, there-
fore, the preferred material in super computer chips so that
the processer operates with higher efficiently, and less poten-
tial for damage to other critical components [3].

Porous copper and copper powders are frequently pre-
ferred in heat exchangers as those have increased surface
area so the heat transfer rate and copper’s high thermal con-
ductivity. It was shown by researches that the microscale
porous and modulated surfaces enhance heat transfer effi-
ciencies by 300% compared to plain surfaces [4, 5]. Moreo-
ver, thin films such as pure copper usually are reported to
have distinct mechanical and tribological properties com-
pared to bulk materials. As a result, measurement and under-
standing of these interactions in micro/nanoscale is critical.
Nevertheless, it is impossible to evaluate the mechanical
properties of such films, and structures having sub-micron-
scale features by conventional testing methods.
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Instrumented indentation is a useful tool to acquire
mechanical properties such as modulus of elasticity and
hardness of ultra-thin films in small volumes [6-9]. It was
reported by Xue et al. that yield strength increases as the
hardness value increases, and the elongation decreases due
to the enhanced strain localization on friction-stir-welded
5-mm-thick pure copper plates. The hardness of pure copper
plate was recorded to be around 65-105 H, (0.64-1.03 GPa)
[10]. In another study, micro-alloyed copper and pure cop-
per powders were prepared in powder form by inert gas
atomization with a mean particle size of 30 um. Tensile,
microhardness tests, and instrumented indentation were
employed to determine the mechanical properties of those
powders. The corresponding data at maximum indentation
depth were obtained as 2.2+0.5 and 136.5 + 12.4 GPa for
hardness and Young’s modulus, respectively [11]. Kucharski
et al. measured the hardness values for single crystalline
copper specimens with different orientations [(001), (011)
and (111)] using Oliver—Pharr method. The values of hard-
ness and Young’s modulus without holding at peak indenta-
tion force were reported as 0.775, and 110 GPa, respectively.
On the other hand, for 60 s holding time, the hardness was
0.536 GPa, while Young’s modulus was reported as 72 GPa
[12].

The present work aimed for investigating the mechani-
cal properties of spherical copper powders (—25 to — 110
micron size range) which were compacted onto copper sub-
strate, first, and then subjected to sintering. Such features are
referred as to surface modulation and/or surface texturing.
Manufacturing of such surface modulations and their heat
transfer efficiencies were studied by a group of researchers
including the last author of current manuscript, earlier [4, 5,
13]. The current research interest is to determine the effect of
manufacturing and post-process conditions on the mechani-
cal properties of compacted copper powders. To this goal,
indentations were performed on the powders at different
features of compact and hardness values were compared. In
addition, finite element model of indentation was established
and it was verified with the indentation force—displacement
data obtained from indentation.

2 Experimental details
2.1 Background on instrumented indentation

In indentation measurement, an indenter, usually pyrami-
dal in shape, is used to make imprint on the surface of
interest. Forces involved during indentation are usually
in milli- or micro-Newton range, and force—displace-
ment depth is continuously recorded and independently
controlled. The force—displacement curves are generated
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automatically. The reduced elastic modulus E, and sam-
ple hardness H are calculated according to the ISO-14577
standard [14].

The hardness is defined as the ratio of the peak inden-
tation test force, F,,, to the projected area of the inden-
tation impression, A.. For a perfect Berkovich indenter,
the projected contact area, A, is a function of the contact
depth, A, and it is expressed as follows [15]:

A, = m.tan®@ bl = 24.56 h’ (1)

where @ =70.32° and represents the effective semi-
angle of the conical indenter equivalent to the Berkovich
one. The contact depth, A, is determined using depth-
sensing indentation technique. In this method, first, the
force—displacement depth of unloading section is fit to a
simple power-law equation:

P=a(h—h)" )

where «, h; and m are fitting parameters. The contact
stiffness at peak load is calculated from these parameters
(S = dP/dh|P,,,, ). Then, the contact depth h, is calculated

using S, A, and P, as follows:

Pmax
S

3

h. = hmax — €
where £ =0.72 for a conical tip. The hardness is thus
calculated as follows:

— FmaX — FmaX 4
A, 2450602 @)

H

Maximum indentation force—displacement behavior
can also effectively be used in determining the reduced
modulus of elasticity, E,, as given in either of the below
equations:

o VTS

T 2 /—A (
or
1 1—vS2 l—vi2 6
- E TE ©

where E; and E; are the modulus of elasticity of speci-
men and indenter, respectively. v, and v; are Poisson’s ratio
of the specimen and indenter tip, respectively. E,, on the
other hand, is the reduced elasticity modulus of the mate-
rial and can be calculated from the unloading part of the
continuous force—displacement curve. Material properties
for the Berkovich indenter used in this study are v;=0.07
and E; = 1140 GPa.
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2.2 Sample preparation and indentation

The sample of interest was chosen as Cu powders that were
compacted in a die with channels to yield a porous surface
modulation in conical shape on a copper substrate. 100 dim-
ples were obtained on a copper sheet 55 mm in diameter and
0.2 mm in thickness as it is shown in Fig. 1a. The samples,
were then subjected to sintering at controlled atmosphere
for 1 h. As it is shown in Fig. 1b, c, each dimple has 1 mm
base diameter and 500 pm height. Powders in different size
ranges were utilized to obtain controlled porosity. For exam-
ple, powders with relatively smaller size (e.g. 0-25, 25-45,
43-65 pm) were used for valley and lower feature while
upper feature consisted of powders in 90-106 um range as it
can be noticed from Fig. 1c. The details of specimen manu-
facturing can be found elsewhere in the literature [13].

In indentation tests, UMT-2 Nano + Micro Tribometer
(Bruker Inc., Billerica, MA, USA) was used. The porous
surface structures were first prepared in regular microscopic
examination sample form, and then indentations were per-
formed on individual powders at lower feature, upper fea-
ture, and Cu substrate sheet. The maximum indentation
force of 50 mN was determined upon trials by employing

Upper Feature

Lower Feature

_Cu substra_te

different peak loads and ensuring the repeatability of results.
All the measurements were performed at room temperature.
It should be noted that indentations with smaller peak loads
may result in insufficient deformation (just distorted crys-
tal lattice), and/or local grain boundary response [17, 18].
Therefore, sufficiently high peak loads should be employed
to create geometrically necessary dislocations, and hence
representative microstructural behavior. The selected peak
load was found be in agreement with the ones reported in
relevant literature, as well [17-21].

Apart from the modulus of elasticity and hardness meas-
urements through indentation tests, statistical analyses were
also performed to reveal the significance of the variation on
hardness and modulus of elasticity data. One-way ANOVA
tests with p < 0.05 were applied to determine important dif-
ferences between modulus of elasticity and hardness.

2.3 Finite element modeling of indentation

To reveal the evolution of stress and strain values during the
indentation, the process was modeled by means of a com-
mercially available FEA software package MSC Marc (MSC
Software Corp., Santa Ana, CA, USA). Only the indentation

EHT =20.00kV
WD = 46,0 mm

Signal A= SE1
Mag= 60X

IProbe = 100 pA —
Vacuum Mode = High Vacuum

(b)

500 um

|‘

~200 pm

<>

~200 um

<>

(c)

Fig.1 a Photo of compacted and sintered copper powders onto the surface; b SEM micrograph of compacted powders (top view); ¢ SEM
micrograph of compacted powders and descriptions for different features in the compact (front view)
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on Cu substrate part of specimen was modeled for simplic-
ity. To this goal, the force—displacement data obtained from
indentation measurements was used as input in FEA, and
stress—strain variation during the indentation process was
acquired.

It was shown by Lichinchi et al. that the difference
between the 3-D modeling with pyramid-shaped Berkovich
indenter and 2-D modeling with corresponding conical
indenter is negligible. Therefore, 2-D axisymmetric model
of indentation was established that reduced the computa-
tional time. The Berkovich indenter used in indentation
can be converted to the conical shape with half-apex angle
of 70.3° [22]. The Berkovich pyramid is replaced with an
equivalent cone possessing the same projected area vs.
indentation depth £ to describe analytically the indenter tip
nanodeviations from the ideal sharp tip geometry (Fig. 2)
[23]. The angle @ of the equivalent cone can be calculated
according to the following equations:

1 tan 60°
Feg = 5@\ — )
Teq
tanf = —
anf = — ®)

where a is the pyramidal base side length measured in
mm, 7, is the radius of the equivalent indenter conical area
and £ is the cone height.

Figure 3 shows the axisymmetric model of correspond-
ing conical rigid indenter and the specimen along with the
boundary conditions applied. The displacement of the speci-
men is restricted along the x- and y-axes (vertical, and hori-
zontal), and centerline. The specimen, different from the real
case, was considered as a homogeneous solid and modeled
with 1950 four-node axisymmetric quadrilateral, full inte-
gration elements. Fine mesh was preferred for the specimen
around the contact area. The Poisson’s ratio and the modulus
of elasticity of the pure copper material was taken as 0.343

Fig. 2 Replacement of a Berko-
vich pyramid indenter with an
equivalent cone [23]

the upper surface of indenter

« 8

>\

[AB] and [AC]: Pair of contact surfaces

the symmetry axis of model

X and Y displacements limited

Fig. 3 Boundary conditions applied on the 2-D axisymmetric finite
element model

and 110 GPa in the finite elements simulation [24]. The yield
and tensile strength of annealed pure copper on the other
hand was taken as 255 and 620 MPa, respectively [25]. The
coefficient of friction between the indenter and the specimen
was set to zero, which was reported as a minor factor in the
literature [26].

Both loading and unloading steps of indentation process
were simulated through FEA. The displacement data of
force—displacement curve of the copper substrate obtained
at force level 50 mN were used as input for the movement of
indenter in FE model. The force—displacement data obtained
from FE analyses with different number elements were com-
pared with the experimental data to optimize the number of

a=65.03° £ 0.5°
Berkovich indenter
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elements to be used in modeling. Therefore, different trials
were performed as it is seen in Fig. 4. It was found that when
the workpiece is modeled with ~2000 elements, force—dis-
placement curve obtained from FEA satisfactorily converges
to the one obtained from indentation as it is seen in Fig. 4.
This number of elements was also found to be appropriate
as the indentation force value converges to 50 mN preset
value when more than 1000 elements are used to model the
workpiece (Fig. 5).

3 Results and discussion
3.1 Force-displacement curves

At least nine measurements were taken to report a hardness
and modulus of elasticity value. Figure 6 shows a typical
force—displacement plot obtained with 50 mN maximum
indentation force at upper feature powder compacts. The
curve indicates that the pure copper specimen exhibited
elastoplastic deformation behavior during the indentation.
The applied peak force was 50 mN with a loading rate of
0.1 mN/s. Similar indentation force—displacement curves
were obtained at different features of compact.

3.2 Microindentation results

The modulus of elasticity obtained from different features of
Cu compact are compared in Fig. 7a. The modulus of elastic-
ity values for both lower and upper features of compacted
powders were recorded as 70 GPa. The average modulus of
elasticity for copper substrate sheet is 100 GPa. Relatively
higher variations were observed for the values obtained for
powders. The scattered data for modulus of elasticity values
obtained from powders are attributed to the non-uniform
plastic deformation of pure Cu during compaction. The one-
way ANOVA was performed to reveal the possible differ-
ences among modulus of elasticity values. It was found that

Indentation

60 | = — -~ FEA-1950 Elements
_.50 | —— FEA-771 Elements
E 40 | —— FEA-377 Elements
)
© 30
(o]
g

20

10

0

0 300 600 900 1200 1500
Displacement (nm)

Fig. 4 Comparison on the force—displacement curves from indenta-
tion test and simulations with different number of elements

~
o

[=2]
o

Force (mN)
8 8 &8 8

-
o

o

0 500 1000 1500 2000 2500
Number of Elements

Fig. 5 Variation of indentation force with the number of elements
used in the 2-D axisymmetric finite element model

the changes in modulus of elasticity values are insignificant.
Depending on the measurement location (substrate or fea-
tures), the modulus of elasticity values were recorded as in
the range of 70-114 GPa for substrate and Cu powders at
lower and upper features of the compaction.

The hardness values obtained from compacted sample are
given in Fig. 7b. Each hardness and modulus of elasticity

60

Force (mN)
8 & 8

[
o

0 200 400 600 800 1000 1200 1400 1600 1800
Displacement (nm)

(a)

(b)

Fig. 6 a Force—displacement curve obtained from sintered copper
powder at upper feature and b optical microscope image of indenta-
tion area
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Fig. 7 a Modulus of elasticity and b hardness values obtained with 50 mN peak indentation force for Cu substrate, lower and upper features

value were reported as average of at least nine indentation
performed under same conditions. The hardness values were
recorded in the range of 0.87-1.12 GPa for Cu sheet (sub-
strate) and powders (lower and upper features of the com-
paction). Considerably small differences in the hardness val-
ues were observed between lower feature and upper feature
(0.88 vs. 0.87 GPa) of compacts. Average hardness value
for substrate, on the other hand, was measured as 1.06 GPa.
The one-way ANOVA was performed to reveal the possible
differences among hardness values. Similar to the modulus
of elasticity values, it was found that the changes in hardness
values are insignificant.

In macroscale, the hardness (in MPa) is roughly equal to
three times of yield strength value for metals. That simple
linear relation can be given with the following equation:

H = c¢xS ©

where H is hardness, S is uniaxial flow strength of the
material, and c is referred as the elastic constraint fac-
tor [27]. It was noted that ¢ value changes in the range of

2.50—4.28 considering the lower, upper and substrate values
of yield strength as 255 MPa [25].

3.3 Pile-up analysis

The work-hardening characteristics of a material dictate the
deformation behavior underneath the indenter tip. Pile-up
and sink-in are two common phenomena in nanoindenta-
tion that significantly either underestimate or overestimate
the contact area, consequently the results. In pile-up, the
material around the contact area tends to deform in the
upward direction, whereas in sink-in it deforms in down-
ward direction [28, 29]. In pile-up, the contact area is under-
estimated and as a consequence, modulus of elasticity and
hardness values are overestimated. This issue is more pro-
nounced when dealing with soft coatings on hard substrates.
In sink-in, on the other hand, the contact area is overes-
timated and, therefore, modulus of elasticity and hardness
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values are underestimated [6]. Pile-up is more encountered
for well-annealed soft metal or material with low strain-
hardening potential while sink-in is more pronounced for
strain-hardened materials and metallic glasses with low
strain-hardening rate [7, 28, 29]. It was also reported by
Moharrami and Bull that effect of pile-up increases with
increasing indentation force and it can deviate from the real
values as high as 15% for the Young’s modulus and 35% for
the hardness values [6]. The most common way to investi-
gate whether the pile-up or sink-in occurred is to check the
helh,,,, ratio, where h; is final indentation depth and A,
is the maximum indentation depth recorded. This ratio can
take values between 0 and 1. The lower limit (0) denotes the
fully elastic case while the upper limit value (1) corresponds
to rigid-plastic behavior. This ratio can easily be obtained
from the unloading curve of nanoindentation. It was noted
by Oliver and Pharr that when hyh_,, ratio is greater than
0.7, pile-up effect is likely to be experienced [30]. Figure 8
illustrates the h¢/h,,, values obtained for substrate, lower
and upper features. As it can be seen from the figure the
ratio was obtained in the range of 0.90-0.97 (far greater than
0.7) and one can expect pile-up effects. Nonetheless, since
the copper powders were subjected to sintering after com-
paction those got the work-hardening property and pile-up

0,975
0,950 I I
7 |
% 0,025 / j j
£ /
=
£ 0,900 %
0,875 %
0,850 %
Substrate Lower Feature Upper Feature
Powder < 65 pym Powder 90-106 pm
Fig. 8 hih,,,, values for pure Cu substrate, lower and upper features
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was not experienced. Similar results were reported by Gale
and Achuthan as they noted that h/h,,, ratio may not be
accurately used in quantitatively correlating pile-up char-
acteristics [31].

3.4 FEA of indentation

Figure 9 shows the variation of equivalent von Mises stress
for the copper substrate after the indenter tip reached the
maximum penetration depth. During the loading stage, the
indenter was driven into the specimen surface in the axial
direction for a specific depth in 100 s and with a constant
speed. This provides the loading part of the force—dis-
placement curve in the finite element simulation. When
the indenter tip reached the preset maximum penetration
depth (~ 1400 nm) the test specimen was unloaded, and the
indenter tip returned to its initial position with the same
speed as that of the loading stage. Hence, the unloading part
of the force—displacement curve is obtained from FEA. The
highest value of equivalent von Mises stress was noted as
around 900 MPa around the tip of indenter.

Figure 10 shows a typical force—displacement curve
obtained from indentation and finite element simulation
result obtained with 50 mN force for substrate. It can be seen
from the figure that the force—displacement curves obtained
from finite element analysis was quite well in agreement
with the experimental data especially in unloading part of
indentation.

60
Indentation ’
50 |
= = = Finite element simulation

g |
E
@ 30 |
3]
—
S 2 |

10 |

0

0 300 600 900 1200 1500

Displacement (nm)

Fig. 10 Force—displacement curve and simulation results for sub-
strate feature of pure copper

4 Conclusion

This study aimed to determine mechanical properties com-
pacted and sintered spherical copper powders. Microinden-
tations were performed at three different regions, namely
substrate, upper and lower features of the compact. The fol-
lowing are the main outcomes of this research:

e Microindentations on the copper substrate were per-
formed with 50 mN indentation peak load; and modu-
lus of elasticity values were recorded in the range of
78—111 GPa, while hardness values were in the range of
1.06-1.12 GPa.

e Indentations with the same peak loading on lower and
upper features of the compact yielded average hardness
and modulus of elasticity values as 0.88, and 70.1 GPa,
respectively. In all instances, the modulus of elasticity

Fig. 9 Variation of equivalent
von Mises stress for pure copper
after the indenter tip reached the
maximum penetration depth

Inc: 23
Time: 1.860e+001 |

8.885e+002
7.997e+002
7.109e+002
6.222e+002
$.334e+002
4.446e+002
3.559e+002
2.671e+002
1.783e+002
8.957e+001

7.996e-001
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One-way ANOVA analyses (for p <0.05) were performed
to check the possible differences in results, yet it was
revealed that changes in both modulus of elasticity and
hardness values with peak indentation force are insignifi-
cant for the force level (50 mN) experimented.

FE model of indentation was established and displace-
ment of the indenter was used as input in FE analyses. It
was found that the force—displacement curves obtained
from the finite element simulation were in very good
agreement with actual data obtained from the indenta-
tion.
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