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Abstract

Effect of strain energy on corrosion behavior of ultrafine-grained (UFG) copper prepared by severe plastic deformation
(SPD) was investigated in terms of microstructural evolution. The SPD processed material showed an ultrafine-grained
(UFG) structure after grain refinement for several time processes, which will affect mechanical and corrosion behavior
Homogeneity can be obtained efficiently through the pressing process commonly known as simple shear extrusion (SSE),
which is one of the SPD techniques. Pure copper was processed by SSE for two, four, eight, and twelve passes. The structure
of SSE treated sample was observed by laser microscope and transmission electron microscope as well as X-ray diffraction.
The corrosion behavior by potentiodynamic polarization curve was observed in modified Livingstone solution, 1 M NaCl,
and sulphuric solution. The structure of SSE processed sample showed that the first pass of the SSE processed sample
displayed large deformation by developing the elongated grain and sub-grain structure. By increasing the SSE pass number,
the grain shape became equiaxed due to excessive strain. The X-ray broadening related to ultrafine-grained (UFG)
structure processed SSE on the copper sample, leading to smaller crystallite size, higher microstrain, and higher dislocation
density. More homogeneous passive film was developed on the material with UFG structure appearance. However, the
current density in 1 M NaCl was decreased by an increment of pass number due to the dissolution of copper metal. The
UFG structure has more boundaries than coarse grain structure, and these phenomena show why Cu dissolve ability
influences the current density. The grain boundary behaves as the cathodic site.
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1. Introduction

Severe plastic deformation (SPD) has been used to
improve material properties by modifying its structure
[1, 2]. The SPD structure has a unique characteristic
due to high deformation level [3], grain shape [4], and
dislocation density [5]. The SPD processed material
showed an ultrafine-grained (UFG) structure after
grain refinement for several time processes, which
affect mechanical and corrosion behaviour, such as
corrosion stress cracking [6, 7], fatigue corrosion [8],
anodic polarization [9], and tafel corrosion test [10].
Corrosion behavior of UFG material has not been
appropriately investigated due to the lack of
understanding of this unique UFG material.

Previous studies have shown that the UFG
microstructure in copper, which is relatively
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homogeneous, can be obtained efficiently through the
pressing process commonly known as simple shear
extrusion (SSE) [11]. The final grain sizes obtained by
the SSE method were comparable to those obtained
by the equal channel angular pressing (ECAP)
method. SSE method has simple channel extrusion,
which is less complicated and easier than the ECAP
technique due to slight rotation inside the SSE die
[11]. The advantages of the SSE method over other
processes are that it is inexpensive and
straightforward, and also can carry out mass
production of sheet metal continuously and has
excellent potential for commercialization [11].

The effect of grain refinement on corrosion
behavior can be exemplified by copper metallic
material due to its convenience and soft material to be
processed by SSE. The copper also has a suitable
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property for conductivity and virus inactivation. This
characteristic may be enhanced by the SSE process.
The previous report mentioned that the corrosion
resistance of UFG copper had been improved due to
nanostructure conditions [7]. This research aims to
observe the structure evolution by severe plastic
deformation and investigate the effect of dislocation
density on corrosion resistance in several solutions.

2. Experimental procedure

The material that was treated in this study is
99.9% copper by Nilaco, Japan. The sample was cut
from the ingot,twenty 10 mm x 10 mm billets. The
billets were annealed at 673 K for two hours. The
billets were processed by simple shear extrusion for
two, four, eight, and twelve passes repeatedly in
Autograph Shimadzu 500 kN at room temperature.
The extrusion was done by SSE die with 23.6° angles
in one line extrusion method which is equal to 1.15
equivalent strains (3D concept direction as seen in
Figure 1). Due to high friction between the die and the
billet, MoS, lubricant needs to be applied on the billet.
The billet was cut for the transverse plane, grounded,
and polished until it got a smooth surface for structure
observation and corrosion testing. The structure
observation was carried by a scanning electron
microscope JEOL 7001F FE-SEM and transmission
electron microscope (TEM) JEOL 2100F. The
diffraction pattern of metallic material was measured
by X-ray Diffraction (XRD) Rigaku SmartLab with
scan angle 2 6, 30°-80°. The corrosion behaviour was
investigated by potentiodynamic polarization curve in
several solutions like the modified Livingston etchant,
NaCl, and H,SO, at room temperature. Reference
electrode Ag/AgCl and platina electrode were used in
this corrosion testing as standard corrosion testing.
The corroded surface was observed by a laser
microscope Keyence 3D Laser Scanning Microscope
— VK-X100.

Rolling
direction

Transverse
direction
Figure 1. The schema of SSE billet in term of deformation
plane

Normal
direction

3. Results
3.1. Microstructural Characterization

The structure of as-annealed copper observed by
an optical microscope exhibited an average of 25 um
grain size, as seen in Figure 2. The as-annealed

sample showed homogeneous [12] and coarse grain
structure [13] due to the heat-treatment process at 673
K for two hours [14]. Figure 3 shows the
microstructure of as annealed and as SSE processed
material up to twelve passes. The micrograph was
taken by electron backscattered diffraction (EBSD)
image pattern at the FE-SEM system. The grain size
of copper material was decreased by increasing the
SSE processed pass number. The first pass of the SSE
process showed large deformation by developing the
elongated grain and sub-grain structure. By increasing
the SSE pass number, the grain shape became
equiaxed due to excessive strain.

Figure 3. Elongated grain and sub-grain structure at the
sample for (a) two; (b) four (c) eight; and (d)

twelve SSE passes
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The large deformation on copper metallic material
could influence the dislocation density, as confirmed
by the red arrow at the TEM micrograph in Figure 4.
After two passes, one grain showed high dislocation
density in the grain boundary area (pointed by red
arrow), indicating the SSE process was sufficient to
promote dislocation appearance in copper material.

Figure 4. Transmission electron microscope of (a) two SSE
passes, (b) four, (c) eight, and (d) twelve SSE
passes. After two passes, one grain showed high
dislocation density in the grain boundary area
(pointed by red arrow), indicating the SSE
process was sufficient to promote dislocation
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Figure 5. X-ray diffraction (JCPDS 01-077-0199) of as
annealed, two, four, eight, and twelve SSE passes

Eight passes of the SSE processed sample showed
higher dislocation density inside the grains than four
passes due to excessive deformation on the rolling
direction [15]. However, after twelve passes, the
structure became homogeneous and had lower
dislocation density than eight passes, even though
several elongated grains still could be seen in the
micrograph. During the SSE process, the dynamic
recovery and recrystallization may occur due to the
warm process and excessive forming due to the
appearance equilibrium grain boundary after twelve
passes of SSE.

Figure 6 shows the X-ray diffraction pattern for an
annealed and SSE processed sample. As-annealed
sample exhibited Bragg reflection on Cu with (111);
(200); (220) plane, and CuO with (002). (111), and
(113). This diffraction pattern was extracted the full
width half maximum (FWHM) value relevant to
crystallite size, microstrain, and dislocation density.
The dislocation density can be measured by the
Williamson-Hall Method (broadening of XRD
pattern). After four passes and eight passes, the
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Figure 6. The data analyzed from XRD data, such as
crystallite size, microstrain, and dislocation

density



338

Rifai et al. / J. Min. Metall. Sect. B-Metall. 58 (2) (2022) 335 - 344

FWHM showed larger broadening than two passes
and an as-annealed sample as a coarse grain structure.
This broadening related to ultrafine-grained (UFG)
structure processed SSE on the copper sample,
leading to smaller crystallite size, higher microstrain,
and higher dislocation density, as seen in Figure 6.
SSE process promotes larger defects on the material,
which increase the microstrain and dislocation density
due to large deformation value. The dislocation
density can be confirmed by the TEM micrograph in
Figure 4, in which the highest dislocation can be
reached at eight SSE passes. This dislocation density
of eight passes can be related to dislocation stacking
in the copper material slip plane as a face-centred
cubic system. However, twelve passes showed a
decrement on FWHM. The twelve SSE passes show
that the dislocation density decreased due to the
annihilation process by dynamic recovery and
recrystallization during the deformation process.

3.2. Corrosion behavior

The corrosion behavior of the as-annealed and
SSE processes sample was investigated by
electrochemical testing in several solutions. Figure 7
shows the potentiodynamic polarization curve in
modified Livingstone etchant and 1 M NaCl, which

100

Modified Livingstone etchant

10

|
) -

As-annealed

Curent Density (mA/em?)

2 passes
0.01

1 passes
—§ passes

12 passes

0.00]
= 1000 =500 0 S00 1000
Potential (m\’ vs Ag/AgCl)
()

100

1 M NaCl

0.1

As-annealed

Current Density (mA/em?)

2 passes

0.01 4 passes

~— § passes

12 passes

0.001
-1000 -500 0 500 1000
Potential (mV vs Ag/AgCl)

(b)

Figure 7. Potentiodynamic polarization curves of copper
SSE processed sample in (a) modified Livingston
etchant and (b) 1 M NaCl

can be extracted from the value of potential corrosion
and current density in terms of pass number
(equivalent strain) and grain size, in Figure 8 and 9,
respectively. The corrosion potential is associated
with the corrosion resistance characteristic of the
material, whereas the corrosion density is associated
with the corrosion rate of the material. The potential
corrosion and current density of the material in
modified Livingstone etchant increase by
incrementing pass number due to the passive form of
UFG structure. This result was confirmed by a
previous result that mentions the transition of
corrosion type [11]. More homogeneous passive film
was developed on the material with UFG structure
appearance. A similar manner also happened in 1 M
NaCl. However, the current density in 1 M NaCl was
decreased by an increment of pass number due to the
dissolution of copper metal. The UFG structure has
more boundaries than coarse grain structure, and these
phenomena show why Cu dissolve ability influences
the current density. The grain boundary behaves as the
cathodic site. This occurrence also can be seen in
terms of grain size in Figure 9.
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Figure 8. Effect of copper SSE passes number on (a)
corrosion potential, and (b) current density in

modified Livingston etchant
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Figure 9. Effect of grain size on (a) corrosion potential, and
(b) current density in modified Livingston etchant

Figure 10 shows the corrosion behavior related to
the active-passive transpassive curve of copper metal
between 100-400 mV vs Ag/AgCl, of Epl; the first
passive film was related to Cu,0O formation, and the
second passive film was associated with CuO in
modified Livingston etchant and 1 M NaCl,
respectively. Both passive films could be a mixture
due to the high potential in the electrochemical test,
which was related to passive film of copper metal-the
sweep rate of corrosion testing effects to active-
passive transition, as seen in Figures 11 and 12. The
grain size influence can be seen in the first passive
layer of copper metal; it means the passivation of
UFG material is more accessible to form than as-
annealed material. The transition corrosion type was
occurred after the SSE process due to passivity in
neutral solution [11].

The second passive layer showed a similar
appearance between as annealed and SSE processed
sample in modified Livingston etchant solution as
shown in Figure 11. It indicated that the corrosion
reaction to form CuO and Cu,O was similar between
UFG and coarse grain structure. The CuO and Cu,O
formation can be explained by the dissolution at

acidic and alkali solutions [18]. This second passive
was also associated with the crystalline structure due
to the high diffusion rate of UFG material on the
surface area. The diffusion process on the UFG
structure occurred faster so that the ions could be
easily carried into the surface, hence adequately
improving the corrosion resistance. The cupric ions in
the UFG material surface were more straightforward
to diffuse than in the coarse grain structure. This
phenomenon took place also in the grain interior,
leading to higher corrosion resistance, as seen in the
cathodic reaction in Figure 6. It could also be
observed from intergranular corrosion on the material
surface, as seen in Figure 12. This corroded surface
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Figure 10. Effect of copper SSE passes number on Active-
passive transition potential, Epl in (a) Modified
Livingston etchant and (b) IM NaCl solution
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also can be confirmed by other SPD techniques, like
ECAP, that mentioned corrosion transition during the
grain refinement process [18]. It is inferred that the
increasing pass number leads to higher corrosion
resistance due to the passive film formation on the
copper sample.

The corroded surface observed by a laser
microscope was used to investigate the damage level
after corrosion testing, as seen in Figure 12. The
corrosion behavior of the SSE processed sample by
H,SO, solution was carried out at anodic polarization
because the SSE processed sample shows a significant
change in terms of microstructure evolution and grain
refinement. This corrosion appearance could be

Figure 12. Corrosion appearance of copper SSE processed
sample in modified Livingston etchant by laser
microscope for (a) as-annealed, (b) two, (c)
four, (d) eight, (e) twelve, and in 1 M NaCl for
(f) as-annealed, (g) two, (h) four, (i) eight, and
(j) twelve

related to structural homogeneity after the SSE
process, which exhibited intergranular corrosion due
to a higher fraction of grain boundaries. Because of a

high corrosion rate in the copper sample, it was
challenging to identify the corrosion sites, whether the
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Figure 13. Anodic polarization of copper SSE processed
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grain boundary or materials matrix. The modified
Livingston etchant (Figure 12.a - e) showed more
intense corrosion than 1 M NaCl solution (Figure 12.f
- j) on the copper surface, indicated by the deep
grooves on the surface. The intensity color explains
the corrosion level in each material, and it shows that
the annealed and low pass number of the SSE process
shows a high fraction in the red area. By increasing
the pass number, the corrosion level becomes
homogeneous due to the UFG structure. The final
corrosion test solution was sulphuric acid, which can
also investigate the corrosion resistance of copper
material, as seen in Figure 13. The SSE processed
sample showed a high dissolution rate in sulphuric
acid compared to other solutions.

4. Discussion

The grain refinement by the SSE process can be
used to improve the mechanical properties and
corrosion resistance. The SSE process's corrosion
resistance mechanism on the UFG structure needs to
be elaborated in more detail by potentiodynamic
measurement  [16-20]. The potentiodynamic
polarization curve showed constant cathodic currents
and higher anodic currents due to the grain refining
process. The potentiodynamic polarization curve of
the UFG structure moved to a higher value compared
to the coarse grain structure, meaning that corrosion
resistance improved significantly. The anodic currents
associated with corrosion currents indicated the
weight loss of material; in this case, the UFG structure
showed lower weight loss than coarse grain structure
due to high dislocation density and a high fraction of
grain boundaries. This phenomenon also appeared in
the ECAP process, and their results mentioned that the
high fraction grain boundaries corroded faster than
coarse grain [18]. The corrosion speed was also
associated with corrosion current, determined by
anodic and cathodic reactions. The grain boundaries
showed a higher dissolution rate than inside grain due
to activation energy for active formation [18]. The
grain boundaries and the grain interior showed the
appearance of local micro cells after the deformation
process, and it can be seen in cathode sites [18]. The
UFG structure also might be more active than the
coarse grain structure due to extra free energy [18,
21,25]. Grain refinement influenced the corrosion
current density due to a lower cathodic area related to
grain interior; as seen in Figure 14; it may explain the
corrosion behavior of pure copper UFG structure. The
grain boundaries showed a lower dissolution rate than
the grain interior, so that the UFG structure may
perform better corrosion behavior. In other words, the
grain refinement promotes the corrosion current
corresponding to the dissolution rate.

SSE processed sample at eight passes represented

Q-0

There was still an arca that acted as a cathode
in the grain.

Increasing the area of the grain boundary
increases the area of the anode reaction

Figure 14. Anodic polarization of copper SSE processed
sample shows the change in the cathode.
However, the anode appearance remained
constant due to the increasing grain boundary
area

a non-equilibrium grain boundary state, having higher
dislocation density than coarse grain material. It may
promote the activation energy associated with the
dissolution process [21-25]. After twelve passes, the
non-equilibrium grain boundaries transformed into
equilibrium grain boundaries due to large
deformation. On the one hand, the corrosion
appearance of the SSE processed sample showed
homogeneous corrosion sites along grain boundaries.
On the other hand, as annealed or coarse grain
samples showed localized damage. The corrosion
sites of the UFG structure may affect the formation of
the uniform passive layer because of the grain
refinement in the UFG structure. Previous studies
mentioned that higher corrosion resistance of UFG
structure material might associate with impurities
segregation at grain boundaries and promote a higher
passivation rate [26, 27], and it also occurred in iron
chromium alloy as pure crystal structure metallic
material [28-32]. This occurrence showed an
intergranular attack at grain boundaries. The main
parameter affecting corrosion behavior was
dislocation and grain boundaries since they showed
the intrinsic attack at local sites and high free energy.
Finally, the homogeneity of UFG structure with
equilibrium grain boundaries may control the
corrosion behavior and the effect of ratio anode-
cathode area to weight loss from potentiodynamic
polarization curve by UFG structure and equilibrium
grain boundaries state.
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5. Conclusion

Severe plastic deformation affects strain energy
and corrosion behavior of UFG copper prepared
concerning grain size. SSE processed samples
exhibited small grain size with high dislocation
density and high grain boundaries fraction due to
significant deformation levels. After two passes, one
grain showed high dislocation density in the grain
boundary area, indicating the SSE process was
sufficient to promote dislocation appearance in copper
material. Eight passes of the SSE processed sample
showed higher dislocation density inside the grains
than four passes due to excessive deformation on the
rolling direction. However, after twelve passes, the
structure became homogeneous and had lower
dislocation density than eight passes, even though
several elongated grains still could be seen in the
micrograph. During the SSE process, the dynamic
recovery and recrystallization may occur due to the
warm process and excessive forming due to the
appearance equilibrium grain boundary after twelve
passes of SSE.

The potentiodynamic polarization curves were
used to explain the corrosion behavior of the UFG
copper sample. This corrosion appearance could be
related to structural homogeneity after the SSE
process, which exhibited intergranular corrosion due
to a higher fraction of grain boundaries. Because of a
high corrosion rate in the copper sample, it was
challenging to identify the corrosion sites, whether the
grain boundary or materials matrix. The modified
Livingston etchant showed more intense corrosion
than 1 M NaCl solution on the copper surface,
indicated by the deep grooves on the surface. The
intensity color explains the corrosion level in each
material, and it shows that the annealed and low pass
number of the SSE process shows a high fraction in
the red area. By increasing the pass number, the
corrosion level becomes homogeneous due to the
UFG structure. The final corrosion test solution was
sulphuric acid, which can also investigate the
corrosion resistance of copper material. The SSE
processed sample showed a high dissolution rate in
sulphuric acid compared to other solutions.
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Apstrakt

Uticaj naprezanja na koroziono ponasanje ultra sitnozrnog (UFG) bakra pripremljenog intenzivnom plasticnom
deformacijom (SPD) ispitan je u pogledu mikrostrukturne evolucije. SPD obradeni materijal je pokazao ultra sitnozrnu
(UFG) strukturu nakon preciscavanja zrna tokom nekoliko vremenskih procesa, §to ce uticati na mehanicko i koroziono
ponasanje. Homogenost se moze efikasno postici kroz proces presovanja, jednostavne ekstruzije smicanja (SSE), koja je
Jjedna od SPD tehnika. Cisti bakar je obradivan SSE procesom tokom dva, Cetiri, osam i dvanaest prolaza. Struktura uzorka
tretiranog SSE posmatrana je laserskim mikroskopom i transmisionim elektronskim mikroskopom, kao i difrakcijom
rendgenskih zraka. Pomocu potenciodinamicke polarizacione krive primeceno je korozivno ponasanje u modifikovanom
Livingstonovom rastvoru, 1 M NaCl i rastvoru sumpora. Struktura uzorka tretiranog SSE pokazala je da je prvi prolaz
uzorka obradenog SSE pokazao veliku deformaciju razvijanjem izduzene strukture zrna i podzrna. Povecanjem SSE broja
prolaza, oblik zrna je postao jednakoosan zbog prevelikog naprezanja. Sirenje rendgenskih zraka na uzorku bakra sa ultra
sitnozrnastom strukturom (UFG) obradenog SSE dovelo je do manje velicine kristalita, veceg mikronaprezanja i vece
gustine dislokacije. Na materijalu sa UFG strukturom razvijen je homogeniji pasivni film. Medutim, gustina struje u 1 M
NaCl je smanjena povecanjem broja prolaza usled rastvaranja metala bakra. UFG struktura ima vise granica od grubo
zrnaste strukture, a ovi fenomeni pokazuju zasto sposobnost rastvaranja Cu utice na gustinu struje. Granica zrna se ponasa
kao katodno mesto.

Kljuéne reéi: Plasticna deformacija; Naprezanje; Ultra sitnozrna struktura, Granica zrna
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