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Materials processed using micro-manufacturing technologies exhibit significantly different properties
compared to those produced using conventional macro-manufacturing techniques. In this paper, the uni-
axial tensile tests were performed on the thin sheet specimens of pure copper to investigate how the sheet
thickness impacts the flow stress. The experimental results show a continuous decrease of flow stress as the
sheet thickness reduces from 200 to 100 lm, but an increase of flow stress with further reduction in
thickness. Firstly, by introducing the ratio of surface grains, the decrease trend of flow stress was explained
on the basis of surface layer model. Secondly, the strengthening effect of Cu2O film was clearly demon-
strated by the x-ray diffraction and electrodeposition process. Finally, considering the effects of Cu2O film
and free surface layer, the mechanical properties of Cu2O film was studied, which is helpful to explain the
material behavior in micro sheet forming.
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1. Introduction

In the last decade, with the fast advancement of miniatur-
ization in electronic and fine mechanical devices, there was an
increasing need for micro parts. As one of the micro-
manufacture technologies, the micro sheet metal forming
technology is preferred in large-scale production of micro parts
because of the high work rate, low waste, and admirable
material properties (Ref 1, 2).

However, because of the size effect, there are large
differences between the properties of materials processed using
the micro sheet metal forming and traditional one, respectively
(Ref 3). The uniaxial tensile tests of CuNi18Zn20 sheets were
achieved by Kals (Ref 4) to study the impacts of sheet thickness
on material properties. It was found that the flow stress
decreased when sheet thickness reduced. In the microtensile
tests of pure copper by Liu (Ref 5), a decreasing trend of flow
stress was observed as sheet thickness reduced from 600 to
10 lm. The same phenomenon was also reported in the
microtensile tests of other materials such as brass, aluminum,
and stainless steel (Ref 6-8). The reduction of flow stress as the
sheet becomes thinner can be demonstrated using the theory of
surface layer model (Ref 9). Comparing to the inner grain
surrounded by others, the surface grain is less limited during
the deformation. The ratio of surface grains increases as the
sheet thickness decreases, which causes a decrease of flow
stress of total material.

On the other hand, an increasing trend of the flow stress was
also found in some micro-scale tensile tests as the sheet
thickness was below a critical value and decreased further. Li
(Ref 10, 11) carried out the tensile tests of CuZn37 and pure
aluminum to study the effects of specimen thickness on flow
stress. In the researches, the specimens with thicknesses
varying from 25 to 200 lm were annealed to obtain different
grain size before the tests. There was an increasing trend of
flow stress as the thickness of specimen decreased from 100 to
25 lm in the testing results of CuZn37. However, a continuous
reduction of flow stress was noticed when the specimen became
thinner throughout in the tests of pure aluminum. It is difficult
to explain these two distinct trends of flow stresses only by the
theories of surface layer model and crystal plasticity. In his
opinion, the increasing trend of flow stress was possibly caused
by the strengthening of surface Cu2O film on the surface of
specimen because it is much harder than the material of sheet
and additionally, resists the dislocation slipping which results
the dislocation pile-ups (Ref 11). Moreover, compared to CuO
and Al2O3, Cu2O is more ductile and could cover the specimen
surface during the deformation without damages. Unfortu-
nately, no further experimental investigation was carried out to
support the viewpoint in the cited publication.

In this work, the uniaxial tensile tests of micro copper sheet
were performed to investigate the influences of specimen
thickness on the material properties. As the sheet thickness is
more than 100 lm, the mechanism of change in flow stress
was disclosed according to the theory of surface layer model.
Additionally, the strengthening effect of Cu2O film was
experimentally studied with the x-ray diffraction (XRD) and
with electrodeposition process. Therefore, a strengthening
model of Cu2O film was proposed, which is beneficial to
analyze the material behavior in micro sheet forming.

2. Materials and Methods

In this study, pure copper was chosen as the material in
tensile tests because of its vast application and excellent
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plasticity. The copper sheets with thicknesses varying from 30
to 200 lm were machined to the standard testing specimens by
wire electrical discharge machining. In order to obtain different
grain size before the tests, the specimens were annealed at the
temperatures of 400 �C for 2 h and 700 �C for 8 h, respec-
tively (Ref 12). Argon gas was used to protect the materials
from oxidation during the heat treatment. Then some specimens
were chosen to observe the microstructure by the optical
microscope after polishing and etching for 30 s with a solution
of 19 g FeNO3, 50 mL alcohol, and 50 mL water. The average
grain sizes of specimens were measured as shown in Fig. 1,
which shows that the grain size d reduces as the specimen
thickness t decreases.

The experiments were performed on a UTM4203 universal
testing machine at strain rate of 0.1 s�1 at room temperature.
The measuring accuracy of testing speed, load, and displace-
ment of this machine can meet or be better than ±0.5% of
reading.The load resolution is better than 1/30000 and the
max force is 2000 N. The wood cushions were placed
between the gripper and testing specimen, so that the gripper
can hold the specimen head tightly. The machine and
specimens used in tensile testing of micro sheet are shown
in Fig. 2.

3. Results and Discussion

The stress-strain curves of specimens with various thick-
nesses are reported in Fig. 3, showing that the influence of
specimen thickness is significant. As Fig. 3 shows, the flow
stress presents a dropping trend as the sheet thickness is
reduced from 200 to 100 lm. However, an increasing of flow
stress is also found when the specimen thickness is 100 lm and
decreases further.

3.1 Weakening Effect of Share of Surface Grains on Flow
Stress

To analyze the influence of size effect onmaterial behavior, the
share of surface grains d is introduced as a size parameter in this
paper. For the micro sheet forming process, the share of surface
grains d can be calculated according the following equation:

d ¼ 2d

t
ðEq 1Þ

where d and t represent the average grain size and thickness
of micro sheet, respectively. As the sheet thickness is more

Fig. 1 Microstructures of testing specimens
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than 100 lm, it is found that whatever the specimen size
changes, the relationship between the flow stress and parame-
ter d is linear under a given strain, as shown in Fig. 4.
According to the theory of surface layer model, the total flow
stress of material is a combination of flow stresses of materi-
als in the surface grains rsurf and inner grains rin, which can
be expressed as (Ref 13),

r ¼ drsurf þ ð1� dÞrin: ðEq 2Þ

Supposing under a given strain, the flow stresses are r1 and
r2 when the shares of surface grains are d1 and d2, respectively.
Then, the slope l of line between the points (d1, r1) and (d2, r2)
can be calculated according the following equation:

l ¼ r1 � r2

d1 � d2
¼ rsurf � rin: ðEq 3Þ

It is assumed that the values of rsurf and rin are fixed for the
specimens under the same heat treatment condition and thus the
flow stress can be considered to be linearly dependent on the
share d according to Eq 3.

Disregarding the effects of strain rate and temperature, the
stress is just the function of strain. Generally, the relationship
between stress and strain is considered to follow the exponen-
tial law. Thus, by fitting the tensile testing data of specimens
with thickness of 100, 150, and 200 lm, the constitutive
equations of materials in surface and inner grains can be
obtained, respectively:

Fig. 2 Machine and specimens used in tensile tests of micro sheet

Fig. 3 Flow stress curves of specimens with different thicknesses
(a) 400 �C for 2 h (b) 700 �C for 8 h

Fig. 4 Relationship between flow stress r and size parameter d
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rsurf ðeÞ ¼ 35:90e0:29;rin ¼ 475:340:36 400 �C for 2 h

rsurf ðeÞ ¼ 274:46e0:51;rin ¼ 464:05e0:40 700 �C for 8 h

(

ðEq 4Þ

Then the stress-strain curves from fitting results can be
plotted in Fig. 5, which shows an excellent agreement between
the experimental and the fitting results.

The ratio of specimen thickness t to grain size d was usually
introduced to study the material behavior of micro sheet. In
those earlier investigations by other researches, it was reported
that, if t/d was reduced close to a range of 2-4, an increase of
flow stress was presented as the ratio t/d was decreased further
(Ref 3). However, in this study, the increase of flow stress with
thinning of specimens occurred when t/d is 7.6 for the
specimens annealed at the temperatures of 400 �C for 2 h. It
means that the ratio t/d is not the only influencing factor on the
material behavior in micro sheet forming.

3.2 Strengthening Effect of Cu2O Film

As a P-semiconductor, Cu2O has great potential applications
in solar batteries and photoelectric diodes (Ref 14). The
cuprous oxide could be formed in the atmospheric environ-
ments and is more chemically stable than copper (II) oxide at
high temperatures. Thus, it is possible that the thin Cu2O film is
naturally generated onto the testing specimen and still covers
the surface after the heat treatment.

In order to verify the strengthening of Cu2O film, the thin
films of Cu2O were electrodeposited onto the testing

specimens with a thickness of 100 lm after being annealed.
The deposition timewas 30 min and the filmswere washed with
distilled water after being deposited. The electrolyte solution
was composedwith 0.03 mol/L CuCl2 and 0.015 mol/L sodium
citrate with a pH adjusted to 2.0 by adding HCl (Ref 14). The
three-electrode cell was used for the experiments, where the
copper sheet, a saturated calomel electrode, and a Pt wire were
chosen as the working, reference, and auxiliary electrode,
respectively. The machine and specimens in electrodeposition
processes are shown in Fig. 6.

In order to verify the existence of Cu2O, the specimens
before and after the electrodeposition process were both
analyzed by XRD using a Bruker�s XRD instrument with
graphite-monochromatized Cu-Ka radiation (k = 1.54178 Å)
at 40 kV and 100 mA. The scanning rate is 4� min�1 in
15��60�. The XRD patterns are shown in Fig. 7, where it can
be observed that the cuprous oxide exists in both of the
specimens, but the Cu2O film is much thicker in the
electrodeposited one. Additionally, CuCl is also found in the
electrodeposited film. But the amount of CuCl is not enough
to dominantly impact the mechanical properties of micro
sheet.

Using the specimens where the thin films of Cu2O are
electrodeposited, the tensile tests were carried out to clarify the
strengthening effect o f Cu2O film. The stress-strain curves of
specimens before and after electrodeposition process are
presented in Fig. 8, where a higher flow stress is observed in
testing results of specimen with a thicker Cu2O film (after
electrodeposition process), which can be used to prove the
strengthening effect of Cu2O film.

Thus, a strengthening model of Cu2O film can be proposed
to explain the increasing trend of flow stress as the thickness of
specimen decreases. The cuprous oxide is much harder than the
sheet material. Additionally, when overlaying the specimen, the
compact Cu2O film resists to the dislocation slipping out of the
surface, giving a layer with a high dislocation density under the
oxide film. Therefore, the strengthening layer affected by Cu2O
film (oxide strengthening layer), including a layer with a high
dislocation density and the Cu2O film itself, is formed on the
specimen surface and shows higher resistance to the deforma-
tion.

Generally, the thickness of oxide strengthening layer t¢
naturally occurring in air is not more than a few microns. Thus
the influence of oxide strengthening layer on the flow stress can
be neglected as the sheet is thick enough while, the share of
oxide strengthening is becoming higher with reduction of sheet
thickness, which results in an increasing effect on the flow
stresses.

According to the mechanical properties during deformation,
the micro sheet could be divided into three parts: the inner
grains, the surface grains, and the oxide strengthening layer, as
shown in Fig. 9. The oxide strengthening layer is the hardest
among all parts and surface grains are less resistant to
deformation than the others. Therefore, the flow stress of
micro sheet could be considered to be contributed by stresses of
materials in these three parts and the following equation can be
obtained:

r ¼ groxide þ ðdrsurf þ ð1� dÞrinÞð1� gÞ ðEq 5Þ

in which roxide and g (2t¢/t) represent the flow stress and
share of oxide strengthening layer, respectively. Using three

Fig. 5 Comparison between the experimental and fitting results as
the sheet is thicker than 100 lm (a) 400 �C for 2 h (b) 700 �C for 8 h

1760—Volume 25(5) May 2016 Journal of Materials Engineering and Performance



parameters, viz., sheet thickness t, thickness of oxide
strengthening layer t¢, and average grain size of sheet d, the
above equation could be expressed in another form:

r ¼ 2t0

t
roxide þ

2d

t
rsurf þ 1� 2d

t

� �
rin

� �
1� 2t

0

t

� �
:

ðEq 6Þ

The share of these three parts is strongly varied with the
decreasing of micro sheet thickness, which results in the
phenomenon that the flow stress firstly reduces and then
increases.

Fig.6 Machine and specimens in electrodeposition processes

Fig. 7 XRD patterns of the specimens before and after the elec-
trodeposition process

Fig. 8 The comparison of flow stress between the specimens before
and after the electrodeposition

Fig. 9 Oxide strengthening layer, surface grains, and inner grains
of micro sheet metal

Fig. 10 Comparison between the experimental and fitting results as
the sheet is thinner than 100 lm (a) 400 �C for 2 h (b) 700 �C for
8 h
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In the tensile tests of this paper, a rising trend of flow
stress was found as the sheet thickness reduces from 100 to
30 lm. It indicates that the oxide strengthening layer
dominantly affects the material behavior as sheet thickness
is below 100 lm. In this study, the constitutive equations of
material in the oxide strengthening layer were supposed to
follow the exponential law. Thus substituting Eq 4 in Eq 6,
the constitutive equations of material in the oxide strength-
ening layer could be obtained using the tensile testing
results, as follows:

roxide ¼ 1992:28e0:37: ðEq 7Þ

Based on Eq 6, the thickness of oxide strengthening layer
could also be determined by fitting the experimental data. For
the testing specimens under both heat treatments condition, the
thickness of oxide strengthening layer is equal to approximately
1.5 lm, which can be employed to prove that the Cu2O is
stable below the temperature of 700 �C. Moreover, the fitting
results using the strengthening model of Cu2O film developed
in this study are consistent with the experimental ones, as
shown in Fig. 10.

4. Conclusion

In the results of uniaxial tensile tests of pure copper sheets, a
continuous decline of flow stress is found as sheet thickness
reduces from 200 to 100 lm. However, the flow stress
increases when the sheet thickness is below 100 lm, it reduces
further. The two opposite trends of flow stress could be
explained by the weakening effect of free surface grain and the
strengthening effect of Cu2O film. As the sheet thickness is
higher than 100 lm, the flow stress is dominantly influenced by
the change in the share of free surface grains. However, the
effect of Cu2O film should be considered as the sheet is thinner
than 100 lm. In this paper, the XRD and electrodeposition
process were used to verify the strengthening of Cu2O film. It is
observed that the flow stress increase as the Cu2O film becomes
thicker. Therefore, a new model considering the effects of free
surface layer and Cu2O film was proposed and the constitutive
equations of material in the Cu2O film were calculated by the
experimental results.
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