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Abstract: Thin T2 copper sheets with nine different thicknesses were employed in uniaxial tensile
tests to investigate the influence of service temperature and thickness on their tensile properties. A
total of 33 groups of tensile samples were separately tested at 20 °C, 100 °C, 150 °C, 200 °C, and
250 °C to obtain their elongation and their tensile and yield strengths. The change laws of the tensile
properties of the investigated T2 copper were analyzed using different fitting functions. The main
results show that both sheet thickness and temperature have an important influence on the tensile
properties of T2 copper. As the sheet thickness increased, the tensile and yield strengths of the tested
materials first increased rapidly, then decreased sharply, and finally stabilized. As the temperature
increased, the tensile strength increased linearly while the yield strength decreased linearly. The
relationships between the elongation and the sheet thickness and temperature were exponential and
polynomial functions, respectively. T—t—Rm, T-t-Rel, and T—t-é empirical formulas were proposed
and established to predict the tensile properties of the investigated T2 copper sheet, and the predictive
models exhibited solid accuracy.

Keywords: thin T2 copper sheets; tensile properties; service temperature; predict model

1. Introduction

With the rapid development and the improvement of the accuracy requirements in
many science fields, micromechanical systems (MEMS) have developed rapidly, and the
demand for miniaturization of materials is also increasing year by year [1-3]. Because of
the excellent electrical conductivity and ductility of copper and its alloys, they are widely
used in micro-parts of precision instruments [4-6]. Unfortunately, when the sheet thickness
reaches the accuracy of millimeters and below, the mechanical properties often show a size
effect which differs from that of conventional materials, and the phenomenon becomes
more obvious with decreasing sheet thickness [7,8]. Moreover, as the sheet thickness
decreases, the influence of the service temperature on the performance of the material
might become more pronounced and cannot be ignored.

In recent years, many workers have identified the phenomenon that, when the thick-
ness is small, the mechanical properties of copper and its alloys are contrary to those of
conventional materials. It was found that, when the sheet thickness is above the millimeter
scale, the relevant mechanical properties of sheets of materials such as aluminum and steel
deteriorate as the thickness of the sample decreases [9-11]. When the sheet size is on the
micrometer scale, researchers found that different materials exhibit different mechanical
properties compared to conventional materials. Wu et al. [12] studied the mechanical
behavior of 304 stainless steel and found that the yield strength first increased and then
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decreased, while the tensile strength and elongation showed opposite properties; the finite
element model of rigid die bulging was established. Wan et al. [13] applied a self-developed
micro asymmetric mill to produce a CP—copper ultrathin strip, revealing that the tensile
strength and hardness first increased and then decreased with the decrease of thickness.
Zhang et al. [14] carried out tensile test on a 0.1-1.0 mm copper sheet. The test results
showed that the tensile strength, the maximum uniform strain, and the fracture strain
decreased with the decrease in sheet thickness, while the yield strength exhibited the
opposite trend. Lee [15] and Yu et al. [16] found that the yield strength increased with the
decrease in thickness in the tensile test of 0.1-10 um metal film. Li et al. [17,18] carried out
microscale bending experiments on pure aluminum foil and pure copper with different
thicknesses. The experimental results showed that the spring-back angle increased with the
decrease in thickness, while the flow stress increased with the decrease in foil thickness. A
change in temperature also has a huge impact on the mechanical properties of the material.
He et al. [19] tested the effect of heat treatment on 304 stainless steel. The test results indi-
cated that the strength and elongation were decreased after heat treatment.
Meng et al. [20] heat-treated pure copper of different thicknesses and found that the
mechanical properties of thinner samples of pure copper decreased with heat treatment,
while the opposite was seen for thicker samples of pure copper. Kori et al. [21] con-
ducted room-temperature and high-temperature (100 °C, 200 °C, 300 °C) tensile tests on
304 stainless steel samples and found that the yield strength and elongation decreased
initially and then increased within the test range, while the tensile strength value decreased.
Zhang et al. [22] performed room- and cryogenic-temperature tensile tests on pure cop-
per samples after heat treatment, finding that the strength and ductility obtained at
—196 °C were higher than for tensile samples deformed at 22 °C. At present, there have
been many achievements in the research on the influence of thickness and heat treatment
on the mechanical properties of thin sheets, and the influence of service temperature on
material properties has gradually been elucidated. However, the related research on the
joint effect of sheet thickness and service temperature on the mechanical properties of
sheets is still rare.

In the present study, a thin T2 copper sheet was employed to investigate the effect
of thickness and service temperature on its tensile properties. To investigate the change
law of tensile properties referring to tensile strength, yield strength, and elongation, uni-
axial static tensile tests were performed on T2 copper sheets of various thicknesses from
0.08 mm to 1.0 mm at different test temperatures. Moreover, variables of sheet thickness and
test temperature were defined so as to establish their relationships with tensile properties.

2. Experiments
2.1. Materials and Samples

In order to systematically study the effect of sheet thickness on the tensile properties of
the tested materials, thin T2 copper sheets of nine different thicknesses were employed in
the present work, and their main chemical composition is shown in Table 1. The thicknesses
of the employed T2 copper sheets were 0.08 mm, 0.15 mm, 0.20 mm, 0.25 mm, 0.30 mm,
0.35 mm, 0.60 mm, 0.80 mm, and 1.0 mm.

Table 1. Chemical composition of the tested thin T2 copper sheets (wt.%).

Cu Bi Sb As Fe Pb S Others
99.95 0.0008 0.0002 0.0002 0.005 0.0003 0.005 <0.1

The dimensions of the standard tensile specimen are shown in Figure 1.
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Figure 1. The dimensions of the tensile sample (mm).

2.2. Uniaxial Static Load Tensile Test

Using a 100 kN electronic universal testing machine and an environmental box (test
temperature range: —70 to +350 °C, temperature deviation: <£2.0 °C), uniaxial static
load tensile tests were performed on the tested T2 copper sheets with different thicknesses
under different temperature conditions. The tensile speed was 1 mm/min, and the test
temperatures were 20 °C (normal temperature), 150 °C, and 250 °C. Additionally, three
sets of samples and two test temperatures were added: 0.20 mm thick, 0.60 mm thick, and
1.0 mm thick copper sheets at 100 °C and 200 °C. Before testing, the specimen was heated to
the service temperature with a furnace and then held for 10 min. All samples were divided
into 33 groups according to sheet thickness and test temperature, and five specimens were
prepared for each group, as shown in Table 2.

Table 2. Number of specimens according to sample grouping.

Thickness 20°C 100 °C 150 °C 200 °C 250 °C

0.08 mm
0.15 mm
0.20 mm
0.25 mm
0.30 mm
0.35 mm
0.60 mm
0.80 mm
1.0 mm

Q1
Q1

Q1 G1 U1 U1 1 U1 U1 U1 1
U1 O NN O
Q1 G1 U1 U1 U1 U1 U1 U1
U1 N U1 NN O
Q1 G1 O1 Q1 U1 U1 Q1 Q1

3. Results

In order to ensure the reliability of the test results, at least three samples were tested for
each group. The yield strengths, tensile strengths, and elongations of each group samples
were obtained and investigated.

3.1. Typical Stress—Strain Curve of the Investigated T2 Copper Sheets

Because the results of various T2 copper sheets were basically the same, the stress—
strain curves of the 0.15 mm thick T2 copper sheet are given as a representative example,
as shown in Figure 2.
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Figure 2. Stress—strain curves of the 0.15 mm thick copper sheet under different temperatures.

3.2. The Tensile Properties of the Investigated T2 Copper Sheets

The tensile strength, yield strength, and elongation of each sample were obtained and
investigated, as shown in Figure 3.
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Figure 3. Results of the tensile properties of the nine investigated T2 copper sheets: (a) tensile
strength; (b) yield strength; (c) elongation.

Figure 3 indicates that the change laws of tensile properties were almost the same
under different temperatures, with an obvious influence of sheet thickness on the tensile
properties of T2 copper independent of the test temperature. The effect of sheet thickness
on tensile strength and yield strength was almost the same. When sheet thickness was less
than 0.20 mm, the tensile strength and yield strength of the T2 copper increased rapidly
with the increase in the sheet thickness. However, when sheet thickness was greater than
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0.20 mm, the tensile strength and yield strength of the T2 copper firstly decreased sharply
and then stabilized with the increase in sheet thickness. For sheet thickness in the range of
0.08 mm to 1.0 mm, the value of elongation gradually increased at first and then stabilized.

4. Analysis and Discussion

The curve fitting method was implemented to reveal the influence of both the sheet
thickness and the service temperature on the tensile properties of the investigated T2
copper sheets.

4.1. The Sheet Thickness Effect on the Tensile Mechanical Properties of T2 Copper Sheets
4.1.1. The Influence of the Sheet Thickness on Tensile Strength

To reveal the influence of sheet thickness on the tensile strength of T2 copper sheets,
the average tensile strengths of the 27 groups at three temperatures were analyzed using
the Lorentz function fitting method (Equation (1)), and the experimental and fitting results
are shown in Figure 4 and Table 3.
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Figure 4. The change law of the tensile strength of T2 copper sheet under different temperatures.

Table 3. Fitting results of tensile strength of T2 copper sheet under different temperature conditions.

Temperature 20°C 150 °C 250 °C
1o (MPa) 576.9 596.5 641.3
A (MPa-mm) 68.234 75.766 71.903
to (mm) 0.183 0.176 0.179
w (mm) 0.211 0.235 0.248
R? 0.978 0.993 0.976

Figure 4 shows that, when the sheet thickness was less than 0.20 mm, the tensile
strength of T2 copper increased from 670 MPa to 779 MPa at 20 °C, from 773 MPa to
797 MPa at 150 °C, and from 747 MPa to 825 MPa at 250 °C. However, when the sheet
thickness was greater than 0.20 mm, the tensile strength of T2 copper decreased from
779 MPa to 570 MPa at 20 °C, from 797 MPa to 600 MPa at 150 °C, and from 825 MPa to
642 MPa at 250 °C.

The above results indicate that the T2 copper sheet showed a phenomenon of increas-
ing strength with decreasing thickness for thickness values greater than 0.20 mm, but
exhibited the opposite phenomenon for sheet thickness values less than 0.20 mm, similar
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to the results in [13], with slightly deviation due to the difference in trace elements of the
material composition.

The relationship between tensile strength and thickness of the T2 copper sheet was
fitted using the Lorentzian function.

YT A=)+ )

where y is the function value, y is the offset, A is the area, t is the sheet thickness, f; is the
center, and w is the half-width.

According to Table 3, parameters A, ty, and w can be regarded as temperature-
independent constants because they differed slightly at different temperatures. However,
parameter i can be regarded as a temperature-dependent variable because its fitted value
varied significantly, and it could be determined using the experimental tensile strength of
the investigated material with maximum thickness at the test temperature.

Therefore, substituting the fitted average values of parameters A, fy, and w into
Equation (1), i.e.,, A = 71.968, ty = 0.179, and w = 0.231, a relationship between sheet
thickness t and the material tensile strength R, could be obtained as follows:

10584
Ry = Ry + , )
"o (4(t —0.179)% + 0.053>

where R, is the tensile strength of the investigated T2 copper sheet, R, is a temperature-
dependent variable approximately determined using the experimental tensile strength of
the thickest T2 copper sheet at the test temperature, and f is the sheet thickness.

4.1.2. The Influence of the Sheet Thickness on Yield Strength

To reveal the influence of sheet thickness on the yield strength of the T2 copper sheet,
the average yield strengths of all 27 samples in three temperature groups were fitted using
the Lorentz function, and the fitting results are shown in Figure 5 and Table 4.
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A R L )
500 f
450 L )
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Figure 5. The change law of the yield strength of T2 copper sheet under different temperatures.
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Table 4. Fitting results of yield strength of T2 copper sheet under different temperature conditions.

Temperature 20°C 150 °C 250 °C
Yo (MPa) 552.529 518.342 515.921
A (MPa-mm) 62.065 64.170 59.119
to (mm) 0.182 0.176 0.175
w (mm) 0.186 0.180 0.175
R? 0.977 0.993 0.970

As shown in Figure 5, when the sheet thickness was less than 0.20 mm, the yield
strength of the T2 copper increased rapidly from 639 MPa to 757 MPa at 20 °C, from
632 MPa to 736 MPa at 150 °C, and from 624 MPa to 715 MPa at 250 °C. When sheet thickness
was greater than 0.20 mm, the yield strength decreased from 757 MPa to
545 MPa at 20 °C, from 736 MPa to 516 MPa at 150 °C, and from 715 MPa to 511 MPa at
250 °C, respectively. This trend of yield strength first increasing and then decreasing with
increasing thickness is consistent with previous results using 304 stainless steel [12].

According to Table 4, similar to tensile strength, parameters A, ty, and w could be
regarded as temperature-independent constants, whereas parameter yy could be regarded
as a temperature-dependent variable. The value of the parameter yy could be determined
using the experimental yield strength of the investigated material with maximum thickness
at the test temperature.

Therefore, substituting the fitted average values of parameters A, tp, and w into
Equation (1), i.e., A = 61.811, ty = 0.178, and w = 0.180, a relationship between sheet
thickness t and the material yield strength Rel could be obtained as follows:

7.
Rel = Rely + 08; , ®)
4(t —0.178)% +0.032

where Rel and t are the yield strength and thickness of the investigated T2 copper sheet, and
Rely is a temperature-dependent variable approximately determined using the experimental
yield strength of the thickest T2 copper sheet at the test temperature.

4.1.3. The Influence of the Sheet Thickness on Elongation

As shown in Figure 3c, the average elongation of each group of samples was calculated.
According to the calculated results, the exponential function given in Equation (4) was
used to fit the experimental results, as shown in Figure 6 and Table 5.

40
= 20°C Experimental 20°C Fitting
e 150°C Experimental - - - 150°C Fitting
35T 250°C Experimental 250°C Fitting

W
(=]
T

> ----0

Elongation (%)
[\ [\
(e ()]

[
(%)
T

10 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Thickness (mm)

Figure 6. The change law of elongation of T2 copper sheet at different temperatures.
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Table 5. Fitting results of elongation of T2 copper sheet under different temperature conditions.

Temperature 20°C 150 °C 250 °C
Yo (%) 23.694 25.004 32.179

a 18.263 19.398 21.085

b 0.006 0.006 0.004

R? 0.986 0.993 0.999

Figure 6 shows that the elongation gradually increased and then stabilized, which
is in good agreement with the results reported by Zhou et al. [23]. With increasing sheet
thickness, the elongation of the T2 copper increased from 12.31% to 23.43% at 20 °C, from
13.31% to 24.85% at 150 °C, and from 17.52% to 32.13% at 250 °C.

The relationship between the elongation of T2 copper sheet and the thickness of the
sheet was fitted by an exponential function.

y=yp—a-b, )

where v is the elongation of T2 copper, 10 is the offset of the elongation, a2 and b are two
material parameters, and t is the sheet thickness.

As shown in Table 5, parameters a and b could be regarded as temperature-independent
constants, whereas parameter 1 could be regarded as a temperature-dependent variable.
The value of parameter iy could be approximately determined using the experimental
elongation of the investigated material with maximum thickness at the test temperature.

Therefore, substituting the fitted average values of parameters a and b into Equation (4),
i.e.,,a=19.585 and b = 0.005, a relationship between sheet thickness ¢ and the elongation ¢
could be obtained as follows:

5 = 6y — 19.585 x 0.005, (5)

where ¢ and t are the elongation and thickness of the investigated T2 copper sheet, and
ép is a temperature-dependent variable approximately equal to the average experimental
elongation of the thickest T2 copper sheet at the test temperature.

4.2. The Influence of Service Temperature on Tensile Properties of T2 Copper Sheet

To comprehensively study the effect of service temperature on the T2 copper sheet
tensile properties, another six groups of samples and two test temperatures were added
introduced according to Table 2: 0.20 mm thick, 0.60 mm thick, and 1.0 mm thick copper
sheets at 100 °C and 200 °C.

4.2.1. The Influence of Service Temperature on Tensile Strength

To reveal the influence of service temperature on the tensile strength of T2 copper
sheets, the average tensile strengths were analyzed using a linear function fitting method
(Equation (6)), and the experimental and fitting results are shown in Figure 7 and Table 6.

y=a1+b xT, (6)

where y is the value of the fitted parameter, a; is the intercept, b; is the slope, and T is
the temperature.
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Figure 7. The influence of temperature on the tensile strength of T2 copper sheet: (a) fitting results
for three temperatures; (b) fitting results for five temperatures.

Table 6. Fitting results of the relationship between temperature and tensile strength.

Thickness a; (MPa) b; (MPa-°C1) R?
0.08 mm 662.868 0.333 0.997
0.15 mm 766.644 0.173 0.994
0.20 mm 772.934/769.342 0.196/0.199 0.967/0.915
0.25 mm 706.288 0.183 0.901
0.30 mm 655.179 0.302 0.839
0.35 mm 644.622 0.267 0.802
0.60mm 589.037/586.375 0.241/0.265 0.801/0.816
0.80 mm 565.441 0.297 0.957
1.0 mm 561.055/563.204 0.309/0.316 0.971/0.954

Note: For 0.20 mm, 0.60 mm, and 1.0 mm thick copper sheets, the first value was obtained from three test
temperatures, while the second value was the fitting result of five test temperatures.

Figure 7 indicates that the change laws of tensile strength were almost the same for T2
copper sheets of different thickness, revealing an obvious increasing linear relationship with
temperature. Table 6 indicates that the fitting results of five temperatures were basically
consistent with those of three temperatures, with a maximum fitting deviation of 10% for
the 0.6 mm thick T2 copper sheet. Thus, the fitting results of three temperatures were
reliable and accurate.

According to the Rmy in Equation (2), the tensile strength of the 1.0 mm thick T2
copper sheet could be obtained by substituting v = Rmy, a; = 563.204, and b; = 0.316 into
Equation (6), as given in Equation (7).

Ryt = 1.0 = Ryo = 563.204 + 0.316T, @)

where Rmy is the tensile strength of the T2 copper sheet, and T is the temperature.
Substituting Equation (7) into Equation (2), a service temperature-thickness—tensile
strength (T-t—Rm) empirical formula of T2 copper sheet could be established, as shown in
Equation (8).
10.584
4(t —0.179)* +0.053 )

where Rm, T, and t are the tensile strength of the T2 copper sheet, the service temperature,
and the sheet thickness, respectively.

Ry =563.204 + 0.316T + ( 8)
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The T-t—-Rm equation was used to calculate the relationship among sheet thickness,
service temperature, and tensile strength and compared with the experiment value, as
shown in Figure 8.
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0.0 0.2 0.4 0.6 0.8 1.0

Thickness (mm)

1.2

Figure 8. Comparison between experimental and calculated tensile strength.

In the range of 0.15-1.0 mm, the tensile stress calculated by the equation including
temperature and thickness was consistent with the trend of the test curve, with values close
to the test results. Comparing the experimental value and the fitted value, the maximum
fitting deviation was 4.12% at 20 °C, 3.37% at 150 °C, and 3.57% at 250 °C. This indicates
that it is reasonable to use T—t—Rm to predict the tensile strength of T2 copper sheet under
different thicknesses and service temperatures.

4.2.2. The Influence of Service Temperature on Yield Strength

The average yield strengths of all groups of samples were fitted using the linear
function given in Equation (6), and the fitting results are shown in Figure 9 and Table 7.
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Figure 9. The influence of temperature on the yield strength of T2 copper sheet: (a) fitting results for

three temperatures; (b) fitting results for five temperatures.
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Table 7. Fitting results of the relationship between temperature and yield strength.

Sheet Thickness a, (MPa) b, (MPa-°C1) R?
0.08 mm 640.440 —0.063 0.983
0.15mm 751.085 —0.169 0.989
0.20 mm 761.909/762.673 —0.182/—-0.185 0.992/0.992
0.25 mm 685.424 —0.258 1.0
0.30 mm 632.320 —0.233 0.898
0.35 mm 628.641 —0.281 0.899
0.60 mm 569.825/570.216 —0.188/—-0.194 0.923/0.933
0.80 mm 550.897 —0.168 0.928

1.0 mm 545.389/543.607 —0.152/-0.150 0.908/0.898

Note: For 0.20 mm, 0.60 mm, and 1.0 mm thick copper sheets, the first value was obtained from three test
temperatures, while the second value was the fitting result of five test temperatures.

Figure 9 shows that the change laws of yield strength were the same for T2 copper
sheets of different thickness, revealing a decreasing linear relationship with temperature.
Table 7 indicates that the fitting results for parameters a, and b, using five temperatures
were basically consistent with those using three temperatures, with a maximum fitting
deviation of 4% for the 0.6 mm thick T2 copper sheet. Thus, the fitting results of the
three temperatures were reliable and accurate. According to the fitting results of the slope
by, when the sheet thickness was less than 0.25 mm, the effect of temperature on the
yield strength gradually increased with sheet thickness. On the contrary, when the sheet
thickness was greater than 0.25 mm, it gradually decreased.

According to the Rely mentioned in Equation (3), the yield strength of the 1.0 mm thick
T2 copper sheet could be obtained by substituting v = Rely, a; = 543.607, and b; = 0.150 into
Equation (6), as given in Equation (9).

Rel; _ 19 = Rely = 543.607 — 0.150T, ©)

where Rel)) is the tensile strength of the T2 copper sheet, and T is the temperature.
Therefore, a service temperature-thickness—yield strength (T—t-Rel) empirical formula
of T2 copper sheet could be established, as shown in Equation (10).

7.083

. , (10)
4(t —0.178)" 4 0.032

Rel = 543.607 — 0.150T + (

where Rel, T, and t are the yield strength of the T2 copper sheet, the service temperature,
and the sheet thickness, respectively.

Figure 10 shows the yield strength obtained using the T-t-Rel formula compared with
the experimental value.
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Figure 10. Comparison between experimental and calculated yield stress.
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When the thickness of the T2 copper sheet ranged from 0.08 mm to 1.0 mm, the yield
strength calculated using the T-t-Rel equation approached the test values, with some values
basically coinciding. Comparing the experimental values and fitted values, the maximum
fitting deviation was 6.98% at 20 °C, 1.87% at 150 °C, and 7.56% at 250 °C. This shows that
the T-t—Rel equation can be used to predict the yield strength of T2 copper sheet.

4.2.3. The Influence of Service Temperature on Elongation

According to the calculated results of the average elongation of each group of samples,
the polynomial function given in Equation (11) was used to fit the experimental results,
and the fitting results are shown in Figure 11 and Table 8.

y=a3xT>+ b3 x T+, (11)

where y is the elongation of T2 copper sheet, a3, b3, and c are the function parameters, and
T is the temperature.

55
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Figure 11. The influence of temperature on the elongation of T2 copper sheet: (a) fitting results for
three temperatures; (b) fitting results for five temperatures.

Table 8. Fitting results of the relationship between temperature and elongation.

Thickness asz (x10—4) b3 c R?
0.08 mm 1.497 —0.018 12.602 1.0
0.15 mm 1.946 —0.025 16.151 1.0
0.20 mm 2.616/2.475 —0.034/—0.033 17.062/17.265 1.0/0.975
0.25 mm 2.612 —0.035 19.023 1.0
0.30 mm 2.612 —0.036 20.607 1.0
0.35 mm 2.484 —0.035 22.147 1.0
0.60 mm 2.687/2.423 —0.034/—-0.025 23.632/23.121 1.0/0.936
0.80 mm 2.656 —0.033 23.813 1.0

1.0 mm 2.695/2.231 —0.034/—-0.026 24.024/23.548 1.0/0.945

Note: For 0.20 mm, 0.60 mm, and 1.0 mm thick copper sheets, the first value was obtained from three test
temperatures, while the second value was the fitting result of five test temperatures.

According to Figure 11 and Table 8, the elongation of T2 copper sheet changed in the
same way for T2 copper sheets of different thickness. Generally, the elongation of T2 copper
sheet increased as the temperature increased. Furthermore, the elongation increased with a
smaller amplitude when the temperature was less than 150 °C, but increased with a larger
amplitude when the temperature was larger than 150 °C.

Using the polynomial function, it was difficult to determine the reliability and reason-
ableness of the fitting results, because the R? of three temperatures had to be 1.0. Fortunately,
the fitting results of five temperatures revealed that the elongation change of T2 copper
sheet conformed to a polynomial function.
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The elongation of the 1.0 mm thick T2 copper sheet could be obtained by substituting

Yy =0dp, a3 = 2.231 X 1074, by = —0.026, and ¢ = 23.548 into Equation (11), as given in
Equation (12).

8 —10 = 6y = 2.231 x 1074T? — 0.026T + 23.548, (12)

where ¢y is the elongation of the 1.0 mm thick T2 copper sheet and T is the temperature.
By combining Equations (5) and (12), a service temperature—thickness—elongation
(T-t-6) empirical formula of T2 copper sheet could be obtained, as shown in Equation (13).

5 = 2231 x 107*T2 — 0.026T + 23.548 — 19.585 x 0.005', (13)

where ¢ is the elongation, T is the service temperature, and t is the sheet thickness.
Figure 12 is a comparison between the elongation obtained by experiment and the
elongation calculated using the T-t-4 formula.

80
r = 20°C Exp.
70 o 20°C Cal.
I e 150°C Exp.
o7 o 150°C Cal,
S5l 4 250°C Exp.
s | A 250°C Cal.
S40+
g A A A
EO or A A a8 o]
i A 0 2
20 [ s . 58 8
I
0 1 1

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Thickness (mm)

Figure 12. Comparison between experimental and calculated elongation.

In the range 0.08 mm to 1.0 mm, the elongation calculated using the T-t—¢ equation
increased with the increase in thickness, and the trend was consistent with the test values
under different service temperatures. Comparing the experimental values and fitted
values, the maximum fitting deviation was 19.51% at 20 °C, 12.30% at 150 °C, and 3.94% at
250 °C. Therefore, the T—-t-6 equation can be used to predict the elongation of T2 copper
sheets under different temperature and thickness.

5. Conclusions

In the present work, T2 copper sheets of nine different thicknesses were tested at
different temperatures. The experimental results were analyzed using different fitting
methods to reveal the change laws of the tensile strength, yield strength, and elongation,
and an empirical prediction model was established. The main conclusions are summarized
as follows:

(1) The sheet thickness of T2 copper had an obvious influence on its tensile properties.
Both the tensile and the yield strengths of the T2 copper first increased rapidly, then
decreased sharply, and finally stabilized with the increase in sheet thickness. The elongation
gradually increased and then stabilized with the increase in sheet thickness.

(2) Temperature had a significant effect on the tensile properties of materials, and the
change laws of the tensile properties were almost the same for T2 copper sheets of different
thickness. The tensile strength and elongation increased with temperature. On the contrary,
the yield strength of T2 copper decreased linearly with temperature.
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(3) Relationships between tensile strength and thickness and between yield strength
and thickness conformed to the Lorentz function. However, there was an exponential rela-
tionship between elongation and thickness. Both tensile strength and yield strength were
linearly related to temperature, while the relationship between elongation and temperature
conformed to a polynomial function. Three empirical formulas referring to T-t-Rm, T-t-Rel,
and T—t-6 were proposed and established on the basis of the abovementioned relationships.
According to the fitted values close to the experimental values, T—t—Rm, T-t-Rel, and T-t-0
can be used as empirical prediction models.

Author Contributions: Conceptualization, R.G. and M.Y.; methodology, Y.G. and C.Z,; software, Y.G.
and H.X,; validation, R.G., M.Y. and C.Z,; formal analysis, Y.G. and R.G.; data curation, N.W. and
H.X.; writing—original draft preparation, Y.G. and H.X.; writing—review and editing, R.G, M.Y. and
C.Z.; project administration, R.G. and M.Y.; funding acquisition, N.W. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: This work was supported by the Anhui University Provincial Natural Science
Research Projects (KJ2021A0862 and KJ2021ZD0111) and by the Anhui Provincial Market Supervision
Administration Science and Technology Plan Project (2021MKO034). The authors would like to thank
undergraduates Yao Liang and Wen Jiang for their experimental assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Razali, A.R; Qin, Y. A Review on Micro-manufacturing, Micro-forming and their Key Issues. Procedia Eng. 2013, 53,
665—672. [CrossRef]

2. Hu, Y,; Kumar, P; Xu, R.; Zhao, K.; Cheng, G.J. Ultrafast direct fabrication of flexible substrate-supported designer plasmonic
nanoarrays. Nanoscale 2015, 8, 172-182. [CrossRef] [PubMed]

3. Ruprecht, R.; Gietzelt, T.; Miiller, K.; Piotter, V.; Haufelt, J. Injection molding of microstructured components from plastics, metals
and ceramics. Microsyst. Technol. 2002, 8, 351-358. [CrossRef]

4. Fu, MW, Chan, W.L. A review on the state-of-the-art microforming technologies. Int. ]. Adv. Manuf. 2013, 67,
2411-2437. [CrossRef]

5. Guschlbauer, R.; Momeni, S.; Osmanlic, F.; Kérner, C. Process development of 99.95% pure copper processed via selective electron
beam melting and its mechanical and physical properties. Mater. Charact. 2018, 143, 163-170. [CrossRef]

6. Guo, B.; Zhou, J.; Shan, D.B.; Wang, H.M. Size effects of yield strength of brass foil in tensile test. Acta Metall. Sin. 2008, 44,
419-422. Available online: https://www.ams.org.cn/CN/Y2008/V44 /14 /419 (accessed on 10 February 2022).

7. Geiger, M,; Kleiner, M.; Eckstein, R.; Tiesler, N.; Engel, U. Microforming. CIRP Ann. Manuf. Technol. 2001, 50, 445-462. [CrossRef]

8.  Janssen, P; de Keijser, T.; Geers, M. An experimental assessment of grain size effects in the uniaxial straining of thin Al sheet with
a few grains across the thickness. Mater. Sci. Eng. A 2006, 419, 238-248. [CrossRef]

9. Raulea, L,; Goijaerts, A.; Govaert, L.; Baaijens, F. Size effects in the processing of thin metal sheets. ]. Mater. Process. Technol. 2001,
115, 44-48. [CrossRef]

10. Saotome, Y.; Yasuda, K.; Kaga, H. Microdeep drawability of very thin sheet steels. ]. Mater. Process. Technol. 2001, 113,
641-647. [CrossRef]

11.  Michel, J.; Picart, P. Size effects on the constitutive behaviour for brass in sheet metal forming. J. Mater. Process. Technol. 2003, 141,
439-446. [CrossRef]

12.  Wu, J.E; Chen, W,; Zhang, L.; Ding, Y.; Lei, K. Study on Mechanical Property and Forming Limit of 304 Stainless Steel. ]. Hot
Working. Technol. 2016, 45, 127-130. [CrossRef]

13.  Wan, Y.M.; Chan, S.B.; Song, M.; Duo, Y.L.; Li, J.; Liu, X.H. Micro-scale effect of CP-copper ultrathin strip. Heat Treat. Met. 2018,
43, 96-100. [CrossRef]

14.  Zhang, S.J.; Gong, X.L.; Li, ].Q.; Zhou, C.; Yuan, N. Experimental Investigation into Mechanical Properties of Copper Sheet with

Size Effects. J. S. China Univ. Technol. 2016, 44, 8-14. Available online: https://kns.cnki.net/kcms/detail /detail.aspx?dbcode=
CJFD&dbname=CJFDLAST2017&filename=HNLG201610003&uniplatform=NZKPT&v=toYHLIRKzV-TAwbeYXBYioami9
SXvmj6hjA0Ina35SZt5:QDM9y3rHgi-ohJN54n (accessed on 10 February 2022).


http://doi.org/10.1016/j.proeng.2013.02.086
http://doi.org/10.1039/C5NR06899A
http://www.ncbi.nlm.nih.gov/pubmed/26628390
http://doi.org/10.1007/s00542-001-0153-7
http://doi.org/10.1007/s00170-012-4661-7
http://doi.org/10.1016/j.matchar.2018.04.009
https://www.ams.org.cn/CN/Y2008/V44/I4/419
http://doi.org/10.1016/S0007-8506(07)62991-6
http://doi.org/10.1016/j.msea.2005.12.029
http://doi.org/10.1016/S0924-0136(01)00770-1
http://doi.org/10.1016/S0924-0136(01)00626-4
http://doi.org/10.1016/S0924-0136(03)00570-3
http://doi.org/10.14158/j.cnki.1001-3814.2016.01.035
http://doi.org/10.13251/j.issn.0254-6051.2018.02.019
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2017&filename=HNLG201610003&uniplatform=NZKPT&v=toYHLlRKzV-TAwbeYXBYioami9SXvmj6hjA0lna3SZt5iQDM9y3rHgi-ohJN54n
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2017&filename=HNLG201610003&uniplatform=NZKPT&v=toYHLlRKzV-TAwbeYXBYioami9SXvmj6hjA0lna3SZt5iQDM9y3rHgi-ohJN54n
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFDLAST2017&filename=HNLG201610003&uniplatform=NZKPT&v=toYHLlRKzV-TAwbeYXBYioami9SXvmj6hjA0lna3SZt5iQDM9y3rHgi-ohJN54n

Materials 2022, 15, 2341 15 of 15

15.

16.
17.

18.

19.

20.

21.

22.

23.

Lee, H.-J.; Zhang, P; Bravman, ].C. Study on the strength and elongation of free-standing Al beams for microelectromechanical
systems applications. Appl. Phys. Lett. 2004, 84, 915-917. [CrossRef]

Yu, D.; Spaepen, E. The yield strength of thin copper films on Kapton. J. Appl. Phys. 2004, 95, 2991-2997. [CrossRef]

Li, H.;; Dong, X.; Shen, Y,; Diehl, A.; Hagenah, H.; Engel, U.; Merklein, M. Size effect on springback behavior due to plastic strain
gradient hardening in microbending process of pure aluminum foils. Mater. Sci. Eng. A 2010, 527, 4497-4504. [CrossRef]

Li, H.-Z.; Dong, X.-H.; Shen, Y.; Zhou, R.; Diehl, A.; Hagenah, H.; Engel, U.; Merklein, M.; Cao, J. Analysis of microbending of
CuZn37 brass foils based on strain gradient hardening models. J. Mater. Process. Technol. 2011, 212, 653-661. [CrossRef]
Essoussi, H.; El Moubhri, S.; Ettaqi, S.; Essadiqi, E. Heat treatment effect on mechanical properties of AISI 304 austenitic stainless
steel. Procedia Manuf. 2019, 32, 883-888. [CrossRef]

Meng, B.; Fu, M. Size effect on deformation behavior and ductile fracture in microforming of pure copper sheets considering free
surface roughening. Mater. Des. 2015, 83, 400—412. [CrossRef]

Kori, P; Vadavadagi, B.H.; Khatirkar, R.K. Hot deformation characteristics of ASS-304 austenitic stainless steel by tensile tests.
Mater. Today Proc. 2020, 28, 1895-1898. [CrossRef]

Zhang, P.; Wang, H.; Wang, C.; Zhu, Q.; Chen, G. Effect of cryogenic temperature on the deformation mechanism of a thin sheet
of pure copper at the mesoscale. Mater. Sci. Eng. A 2021, 822, 141714. [CrossRef]

Zhou, J.; Guo, B.; Shan, D.B. The influence of size effects on tensile strength and elongation of copper. J. Mater. Sci. Technol. 2010, 18,
445-449. Available online: https:/ /kns.cnki.net/kems/detail / detail. aspx?dbcode=CJFD&dbname=CJFD2010&filename=CLKG2
01004002&uniplatform=NZKPT&v=5PUjSCoKT8qhtDwzFyn0w6p8p0Z5TDUNgep_1SOUxpalj9HxindSuGE3LbSOERfu (ac-
cessed on 10 February 2022).


http://doi.org/10.1063/1.1646765
http://doi.org/10.1063/1.1644634
http://doi.org/10.1016/j.msea.2010.03.105
http://doi.org/10.1016/j.jmatprotec.2011.10.007
http://doi.org/10.1016/j.promfg.2019.02.298
http://doi.org/10.1016/j.matdes.2015.06.067
http://doi.org/10.1016/j.matpr.2020.05.303
http://doi.org/10.1016/j.msea.2021.141714
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFD2010&filename=CLKG201004002&uniplatform=NZKPT&v=5PUjSCoKT8qhtDwzFyn0w6p8p0Z5TDUNgep_1SOUxpa0j9HxindSuGE3LbSOERfu
https://kns.cnki.net/kcms/detail/detail.aspx?dbcode=CJFD&dbname=CJFD2010&filename=CLKG201004002&uniplatform=NZKPT&v=5PUjSCoKT8qhtDwzFyn0w6p8p0Z5TDUNgep_1SOUxpa0j9HxindSuGE3LbSOERfu

	Introduction 
	Experiments 
	Materials and Samples 
	Uniaxial Static Load Tensile Test 

	Results 
	Typical Stress–Strain Curve of the Investigated T2 Copper Sheets 
	The Tensile Properties of the Investigated T2 Copper Sheets 

	Analysis and Discussion 
	The Sheet Thickness Effect on the Tensile Mechanical Properties of T2 Copper Sheets 
	The Influence of the Sheet Thickness on Tensile Strength 
	The Influence of the Sheet Thickness on Yield Strength 
	The Influence of the Sheet Thickness on Elongation 

	The Influence of Service Temperature on Tensile Properties of T2 Copper Sheet 
	The Influence of Service Temperature on Tensile Strength 
	The Influence of Service Temperature on Yield Strength 
	The Influence of Service Temperature on Elongation 


	Conclusions 
	References

