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ARTICLE INFO ABSTRACT

Copper foils play essential roles in electronic technologies, including lithium-ion batteries,
printed circuit boards, and electrical interconnects, where microstructure, hardness, and
electrical conductivity critically determine performance. Achieving the optimal combination
of these properties is therefore central to producing high-quality foils. In this work, 20-um-
thick copper foil was fabricated from tough pitch copper (TPC) through cold rolling, and
interpass annealing was applied to tailor and improve these key characteristics.

The material was first rolled from 100 um to 30 um, followed by interpass annealing for all
samples except AO. Rolling was continued to achieve a final thickness of 20 um. Annealing
treatments were performed at 150, 200, 250, and 300 °C for 10, 15, 20, and 30 minutes.
Microstructure, hardness, and electrical conductivity were characterized using optical
microscopy, nanoindentation, and four-point probe measurements.

The as-rolled sample (A0) showed elongated, highly deformed grains (17.64 um), elevated
hardness (124.09 HV), and the lowest conductivity (84.39% IACS). Significant
improvements were observed in samples B4 and C1, where recrystallization produced refined
grains (4.01 pm in B4 and 3.47 pm in C1), reduced hardness (64.56 HV and 55.36 HV,
respectively), and enhanced conductivity (88.99% and 89.76% IACS, respectively).
Continued annealing led to grain growth, with D4 exhibiting the highest conductivity
(96.29% IACS).

Overall, the influence of interpass annealing was evaluated across all processing conditions,
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1. Introduction

Copper foil is a vital strategic material with extensive
applications in printed circuit boards (PCBs), lithium-
ion batteries, and the broader electronics industry. With
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the continued proliferation of electronic devices, electric
vehicles, and clean energy technologies, the demand for
high performance copper foil is steadily increasing [1].
Copper foil is primarily manufactured through
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electrodeposition or via a thermomechanical process
involving rolling and annealing [1]. This research
specifically focuses on rolled annealed (RA) copper foil.

The functional performance of copper foil is
determined by its inherent properties. Consequently, the
meticulous control and characterization of electrical,
mechanical, and microstructural properties during the
rolling and annealing process are crucial for ensuring the
desired final performance of the copper foil [2].

Extensive research has been dedicated to the rolling
and annealing of copper. However, a significant gap
exists concerning the specific application of these
processes to thin sections like foil. Moreover, many prior
studies have focused on evaluating only one or two final
properties of the copper foil, neglecting a comprehensive
analysis that integrates key process parameters with the
simultaneous investigation of critical ~material
characteristics [3]. While previous investigations often
adopted a purely academic viewpoint, this research
prioritizes the establishment of an optimized process
window. This defined parameter range is essential for
achieving industry-standard properties and producing
copper foil suitable for specific industrial applications.
Furthermore, comprehensive studies examining the
diverse properties of copper foil at a precise thickness of
20 um are scarce [4]. This research gap is addressed
herein by concurrently evaluating key properties such as
electrical conductivity, hardness, and microstructure.
The synergistic effects of these properties on overall
performance and their optimization are thoroughly
discussed [5].

Although established resources like the ASM
Handbook: Copper and copper alloys offer broad
insights into copper annealing, the unique characteristics
of 20 um copper foil, notably its high surface-to-volume
ratio, demand a more refined examination of annealing
parameters (temperature and time) within a meticulously
defined operational range [1].

The primary objective of this research is to define an
industrially applicable process window for the
production of copper foil through rolling and annealing,
targeting desirable final properties. A subsequent aim is
the comprehensive and systematic investigation of the
influence of interpass annealing parameters on the foil’s
electrical conductivity, hardness, and microstructure.
The ultimate goal is to identify one or two optimal
interpass annealing conditions that yield the best
combination of these properties. Finally, the findings of
this study are anticipated to be effective in producing 20
pm copper foil with electronic grade quality.

In this work, after several rolling passes and
performing interpass annealing to reach a thickness of 20
pm, metallography and optical microscopy were used to
investigate the microstructure, the four-point probe
method was used to examine the electrical conductivity,
and nanoindentation was used to measure the hardness.

2. Experimental Procedure

2.1. Material preparation

The initial material used in this study was a tough pitch
copper sheet (TPC grade) with a thickness of 100 um.
The chemical composition was determined using optical
emission spectrometry. The measured composition is
shown in Table 1.

2.2. Cold rolling and interpass annealing process

The cold rolling process was carried out using a
laboratory two-high rolling mill with a motor power of
5.5 kW, a roll diameter of 110 mm, and a rolling speed
of 30 revolutions per minute. The as-received copper
sheet (100 pm thick) was cold rolled to an intermediate
thickness of 30 pm.

Interpass annealing was then performed at four
different temperatures (150, 200, 250, and 300 °C) and
four holding times (10, 15, 20, and 30 minutes) to study
the effect of annealing parameters on the microstructure

Table 1. Chemical composition of the TPC sheet (wt.%)

Cu Zn P Ni Pb Fe
99.9805 0.0091 0.035 0.0019 0.0008 0.0006 0.0005
Sh Al Sn As Si Se
0.0004 0.0004 0.0004 0.0003 0.0003 0.0002
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and properties of the foils. The annealing treatments
were conducted in a tubular furnace under a protective
atmosphere of mixed hydrogen and argon gases to
prevent oxidation. After annealing, the samples were air-
cooled to room temperature.

Following the interpass annealing step, the foils were
again cold rolled to a final thickness of 20 um. The
annealed samples were coded according to their
temperature-time conditions, as shown in Table 2.

2.3. Microstructural characterization

The surface microstructure of the copper foils was
examined using an Olympus BX51 optical microscope
manufactured by Olympus Corporation, Japan.

Before examination, the samples were prepared
through grinding, polishing, and chemical etching using
an etchant composed of 10 ml FeCl; + 30 ml HCI + 100
ml distilled water. The average grain size of each sample
was determined using ImageJ software-based linear
intercept method [6].

During the microstructural characterization, three
images were acquired from each sample at identical
magnifications and subsequently used for grain size
determination. In total, 17 samples were analyzed. The

Table 2. Sample codes based on annealing temperature and

holding time
Sample code temggrnaetil:’g%c) HOI?I’I:i?’I )tlme
AQ — (As-rolled) — (As-rolled)
Al 150 10
A2 150 15
A3 150 20
A4 150 30
Bl 200 10
B2 200 15
B3 200 20
B4 200 30
Cl 250 10
C2 250 15
C3 250 20
Ca4 250 30
D1 300 10
D2 300 15
D3 300 20
D4 300 30
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standard deviation calculated for each specimen is
presented, and is displayed as error bars in the
corresponding figure.

2.4. Nanoindentation hardness testing

According to ASTM E92-16, the thickness of the
specimen should be at least ten times greater than the
characteristic dimensions of the indenter to ensure
reliable hardness measurements and minimize substrate
effects [7]. In this study, since the copper foil had a final
thickness of only 20 um, conventional hardness testing
methods could not be applied. Therefore,
nanoindentation was employed as an appropriate
technique to accurately measure the surface hardness of
thin specimens.

Nanoindentation tests were performed using a
TriboScope nanoindenter (manufactured by Hysitron,
USA), equipped with a Berkovich diamond tip. For each
annealing condition, three indentations were conducted.
The average hardness value and the standard deviation
for each sample were calculated. The selected applied
load was 1000 pN to reflect true surface mechanical
properties while minimizing substrate effects. The
indentation depth varied depending on the hardness of
each sample. The indent spacing was set to
approximately 500 um, as reported by the operator.

2.5. Electrical conductivity measurement

Due to the small thickness of the foils (20 um), the four-
point probe technique was chosen as the most accurate
and reliable method for measuring electrical
conductivity, while other methods, such as eddy current
testing, were not suitable for thin samples [8].

Electrical ~ conductivity = measurements  were
performed utilizing the four-point probe (4PP)
technique. Initially, the electrical resistance of the
samples was measured. Subsequently, the electrical
resistivity was calculated. The final electrical
conductivity values were then reported in accordance
with the International Annealed Copper Standard
(%IACS) [9].

To assess the repeatability of the measurements, each
sample was subjected to five replicate measurements.

IIMF, Iranian Journal of Materials Forming, 2026, Volume 13, Number 4
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The 4PP method, by effectively minimizing contact
resistance, leads to a high degree of measurement
accuracy. Consequently, the calculated standard
deviation (SD) for the conductivity values was found to
be remarkably small. For instance, for sample C1, the SD
was determined to be 4.23x10° (%IACS). This
negligible dispersion indicates that the associated
uncertainty is below the graphical resolution for error bar
representation on the resultant plot. A current of 10 mA
was applied with a probe spacing of 20 mm. Equipment
calibration was conducted using the electrical
conductivity of fully annealed copper, standardized to
100% IACS.

3. Results and Discussion

3.1. Microstructural evolution

Representative optical microscopy images of selected
samples are presented in Fig. 1. Sample AO represents
the copper foil that was cold rolled from an initial
thickness of 100 pm down to 20 pum without any
interpass annealing. As illustrated in the metallographic
images, this condition is characterized by highly
elongated and extensively deformed grains, with an
average grain size of 17.64 um. Considering the severe
deformation and large thickness reduction applied
during rolling, and the microstructural features observed,
it is reasonable to infer that sample AO retains a high
degree of work hardening, substantial stored strain, and
an elevated density of deformation-induced dislocations
[10].

In the A-series samples (A1-A4), annealed at 150 °C,
no significant microstructural changes were observed
compared with the as-rolled state. The grain size
gradually decreased from 16.78 pm (A1) to 15.02 pm
(A4), but this reduction remained minor. However, a
small drop in hardness (discussed in section 3.2)
suggests that limited recovery may have occurred during
these treatments [11].

In the B-series samples, annealed at 200 °C, a sharp
decrease in grain size was observed, marking the onset
of recrystallization. The average grain size decreased
from 12.34 um (B1) to 4.01 pm (B4), indicating
extensive nucleation of strain-free recrystallized grains

[12]. This refinement continued into the C-series, where
the smallest grain size was recorded for sample C1 (3.47
pm), confirming that recrystallization was complete
under this condition.

Beyond this stage, starting from C2 (4.41 um), the
grain size began to increase again, signaling the initiation
of grain growth driven by the reduction of grain
boundary energy [13]. Grain coarsening continued
through the C-series and throughout the D-series,
reaching 7.70 um in sample D4.

Fig. 1 shows optical micrographs of representative
samples (A0, A4, B4, C1, C4, and D4), illustrating the
transition from elongated deformed grains to fine
recrystallized structures and finally to coarser grains
after extended annealing. The measured average grain
sizes for all conditions are plotted in Fig. 2. Among all
specimens, C1 exhibited the finest grain size (3.47 um),
while B4 (4.01 pm) also showed a significantly refined
structure, indicating that these represent the optimum
conditions from a microstructural perspective.

3.2. Nanoindentation hardness

The variation of nanoindentation hardness of all samples
is presented in Fig. 3. The as-rolled sample (A0)
exhibited the highest hardness value of 124.09 HV,
which reflects the strong work hardening introduced
during the cold rolling process [14].

No significant hardness drop was observed in the A-
series samples (A1-A4). Although no significant change
was detected in their microstructure, this slight softening
(118.44 to 110.72 HV) suggests that a recovery process
may have occurred, in which part of the stored
deformation energy was reduced [15]. Such changes are
not directly evidenced in this study but are consistent
with the hardness reduction trend observed at these low
annealing temperatures [16].

A more pronounced decrease in hardness was
observed in the B-series and continued up to sample C1.
This sharp reduction is attributed to the progressive
occurrence of recrystallization, which replaced the
heavily deformed structure with newly formed grains.
The most significant hardness drop occurred at Bl
(100.25 HV), indicating that recrystallization had started

IIMF, Iranian Journal of Materials Forming, 2026, Volume 13, Number 4
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Fig. 1. Microstructures of selected samples: (a) A0, (b) A4, (c) B4, (d) C1, (e) C4, and (f) D4.
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Fig. 2. Average grain size (um) of each sample, calculated from surface optical
micrographs.
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under this condition and was completed by sample C1 hardness reduction diminished, and the hardness values
(55.36 HV). became nearly constant within the D-series. This

Beyond C1, as the annealing temperature and behavior is consistent with the expected grain growth
holding time further increased (C2-D4), the rate of stage, during which the overall microstructure coarsens,
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but the hardness changes only slightly [17]. Among all
conditions, sample D4 showed the lowest hardness of
44.67 HV, corresponding to the most extended annealing
time and temperature.

In Fig. 4, the hardness variation as a function of
annealing temperature is presented. The four curves
correspond to annealing times of 10, 15, 20, and 30
minutes. As previously discussed, only minor changes in
hardness were observed at 150 °C (A-series samples). In
contrast, the most pronounced hardness reduction occurs
at 200 °C and the initial part of 250 °C, which

corresponds to the temperature range where
recrystallization takes place.
Another critical factor influencing the time

sensitivity observed at 200 °C is the surface-area-to-
volume ratio (A/V) of the samples calculated as 5x10*
m. A high surface-area-to-volume ratio in the copper
foil samples facilitates a rapid temperature equilibration
throughout the entire sample. Consequently, the
hardness of the annealed samples at 200 °C, situated
within the recrystallization regime, exhibits heightened
sensitivity to variations in annealing time.

While the rapid temperature equilibration due to a
high surface-area-to-volume ratio is also applicable to

other samples, its impact on time sensitivity differs. For
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instance, in samples annealed at 300 °C, the observed
hardness variations are minimal within the grain growth
regime, resulting in lower time sensitivity compared to
the B-series samples.

As shown in Fig. 4, the lowest hardness gradient
appears in the latter part of 250 °C and throughout 300
°C, where hardness changes are minimal. This behavior
is directly associated with the grain growth stage of the
annealing process [18].

3.3. Electrical conductivity
Since the copper foil in this study was designed for use
in electronic applications, including printed circuit
lithium-ion batteries,

boards, and electromagnetic

shielding, evaluating its electrical conductivity is
essential for assessing functional performance [19]. The
electrical conductivity of all samples, measured
according to ASTM B667 and expressed in %IACS, is
presented in Fig. 5.

According to the theory of electron transport in
metals, structural defects, such as dislocation density,
vacancies, and others, act as scattering centers that
reduce electrical conductivity [20]. In this study, the as-
rolled sample A0 exhibited the lowest conductivity, with

a value of 84.39% IACS, which can be attributed to the

T
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Fig. 3. Variation of nanoindentation hardness (Vickers) for each sample under
different annealing conditions.
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large number of lattice defects introduced during severe
plastic deformation [21].

Annealing treatment led to a gradual improvement in
electrical conductivity. In the A-series samples (A1-A4),
conductivity increased slightly from 84.92% IACS (Al)
to 86.30% IACS (A4), is likely associated with partial
recovery, during which a limited reduction of structural

Al A2 A3 A4 Bl B2 B3 B4 C1 C2 C3 C4 DI D2 D3 D4

Sample

Fig. 5. Electrical conductivity (%1ACS) of the copper foils as a function of annealing
conditions for all samples (A0-D4).

defects likely occurred [22].

In the B-series samples, a more pronounced increase
in conductivity was observed, from 86.94% (B1) to
88.99% IACS (B4), which is consistent with the onset of
recrystallization, where newly formed strain-free grains
replace the highly deformed matrix. However, the
nucleation of fine grains significantly increases the total
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grain boundary area, and grain boundaries also act as
electron-scattering barriers [23]. Two opposing effects
coexist at this stage: reduction of lattice defects
(increasing conductivity) and an increase in grain
boundaries (reducing conductivity).

Microstructural observations confirmed the presence
of the finest grains in the B-series and sample C1, which
showed a conductivity of 89.76% IACS. The overall
increase in conductivity in this region indicates that the
reduction of lattice defects had a more dominant effect
than the increase in grain boundary area [24].

Beyond C1, starting from C2 (90.47% IACS),
recrystallization was completed, and most structural
defects had been removed. The subsequent improvement
in conductivity is therefore mainly attributed to grain
growth, which reduces the total grain-boundary area
[25]. This trend continued through the D-series, reaching
its maximum in sample D4, which exhibited the highest
conductivity at 96.29% IACS.

3.4. Correlation between grain size and hardness

The hardness and grain size of all samples are
simultaneously shown in Fig. 6. Evaluating these two
parameters together provides a clearer basis for
identifying the optimum interpass annealing condition,
while electrical conductivity must also be considered in
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the final selection. As illustrated in Fig. 6, the most
desirable samples are those that exhibit the smallest
grain size and relatively low hardness.

In thin copper foils, the grain size, and consequently
the total grain-boundary area, has a direct and significant
influence on the mechanical behavior of the foil cross-
section [26]. Finer grains improve the mechanical
properties of the foil cross-section [27].

The Hall-Petch relationship in the grain growth
region (C1 to D4) was investigated [28]. According to
Eg. (1), a plot of hardness versus inverse square root of
grain size is illustrated in Fig. 7.

H = H, + k,d"/? 1)
As observed in Fig. 7, the behavior of the samples
closely follows the linear Hall-Petch relationship.
Through linear fitting, the slope and intercept were
determined, yielding the equation presented in Eq. (2):

H = 31.92 + 49.04d"/?) (2)

The slope of this fitted line, ky = 49.03 HV.um?,
indicates the influence of grain boundaries on the
sample’s hardness. It shows that as grain size increase,
the hardness decreases significantly.
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Fig. 6. Relationship between average grain size and nanoindentation hardness
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Fig. 7. Vickers hardness (HV) plotted as a function of the inverse square root
of grain size (d2) for the grain growth region (e.g., C1-D4). The solid line
represents the best-fit linear regression, which validates the Hall-Petch model.

The intercept (Ho = 31.92 HV) denotes the intrinsic
hardness of the base material in the absence of grain
boundary effects, corresponding to a large or fully
annealed grain structure [28]. This value is consistent
with expectations, considering the material composition
(TPC type copper).

Furthermore, the coefficient of determination, R? =
0.97, obtained from the linear fit, signifies a very strong
agreement between the data and the Hall-Petch
relationship,

confirming the grain  boundary

strengthening behavior in this region.

4. Conclusion

According to the findings of this study, interpass
annealing at 150 °C (A-series) did not yield favorable
results. The A-series samples likely underwent only
recovery, as indicated by the minor changes observed in
grain size, hardness, and electrical conductivity.
Therefore, annealing at 150 °C cannot be considered an
effective condition for improving the properties of cold-
rolled copper foils.

In contrast, annealing at 200 °C (B-series) produced
significant improvements in  microstructure and
properties. Sample B4 (200 °C - 30 minutes) exhibited a
refined grain structure with an average grain size of 4.01

pm, a reduced hardness of 64.56 HV, and an enhanced
electrical conductivity of 88.99% IACS, indicating that
this condition successfully promoted recrystallization
and improves both mechanical and functional
performance.

Similarly, sample C1 (250 °C - 10 minutes)
demonstrated highly desirable characteristics, including
an average grain size of 3.47 um, a hardness of 55.36
HV, and a conductivity of 89.76% IACS. These
properties indicate that short-duration annealing at 250
°C can achieve an excellent balance between grain
refinement, mechanical softening, and electrical
performance.

Although samples from C2 to D4 also exhibited
adequate hardness and high electrical conductivity, their
progressively increasing grain size was undesirable for
producing thin 20 pm copper foils. Larger grains reduce
the mechanical stability of the foil cross-section [29].

Furthermore, higher annealing temperatures and
longer holding times are not practical for industrial
production, as they increase energy consumption, extend
processing time, and impose additional operational
costs. Extended annealing also accelerates surface
oxidation, which is detrimental to foil quality and can
severely damage surface integrity.
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Overall, the results indicated that the most effective
interpass annealing conditions are represented by B4
(200 °C - 30 minutes) and C1 (250 °C - 10 minutes).
Depending on equipment capabilities and production
requirements, either of these two conditions can be
selected as the optimal route for manufacturing high-
quality copper foils suitable for electronic applications.
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