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Keywords: be incorporated in the constitutive equations. Therefore, the fracture

process is analyzed by focusing on its relationship with the Lode angle

Equal channel angular pressing, variable. To prepare the equal channel angular processed specimens, a die

Copper, set is manufactured, and tensile strength tests are carried out on dog-bone
and notched flat plate specimens up to fracture. In addition, the mean
Lode angle, value of grain sizes of the copper specimens is evaluated. The results

Stress triaxiality. demonstrate that the grain refining process profoundly enhances the load-

carrying capacity of copper specimens. Moreover, the dog-bone tensile
tests clearly show that the peak value of the strain hardening in refined
grained copper occurs up to two passes, and after two passes the strain
hardening drops. Furthermore, the results reveal that the Lode anglel
variable has a significant influence on the failure of the refined grained
copper specimens.
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1. Introduction mechanical and metallurgical properties of

copper is of great significance in metal forming

Copper is one of the non-magnetic metals which
have good deformability, suitable corrosion
resistant, high electrical conductivity, as well as
high antibacterial properties [1]. Copper and its
alloys are utilized in various mechanical
components, including piston rings, bolts, shafts,
aircraft hydraulic pressure lines, nuts, pipes, and
many other applications. Hence, improving the

processes. Severe plastic deformation (SPD) is
recently used to augment the physical,
mechanical, and metallurgical properties of
metals [2]. Equal channel angular pressing
(ECAP) is a severe plastic deformation method,
which was first introduced by Segal [3]. During
the grain refining process, metal samples
undergo a simple shear deformation passing
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through two channels with similar cross-
sections. Two channels intersect at a certain
angle called “channel angle”. The simple shear
deformation occurs in the plane intersecting the
crossing of the channels. Considerable
refinement of the grain structure and an increase
in the dislocation density of the material are the
results of such deformation. The homogenous
ultra-fine grained (UFG) microstructure
obtained from the grain refining process
impresses the physical property of the metal and
increases hardness, and strength compared to the
original coarse-grained (CG) status [4].

Since UFG metals with high strength, high
density as well as low deformability have been
developed. The fracture behavior of refined
grain metals during their lifetime attracted more
attention. Besterci et al. [5] studied the fracture
behavior of the coarse and refined grain copper
specimens with purity equal to 99.95% at
ambient temperature. Dog-bone tensile samples
of refined grain copper were fabricated and were
forced to fail. The results demonstrate that the
size of dimples and dispersion of them on the
fracture surface reduces and increases up to the
fourth ECAP pass, respectively. Kim et al. [6]
investigated the failure process of copper with
high purity via route C-ECAP process. The
results confirmed that by raising the number of
passes, shear stress is enhanced until the 8-
passes. Prior researches indicate that the stress
triaxiality, the ratio of hydrostatic pressure to
equivalent, which represent the effect of
hydrostatic pressure in constitutive equations,
has a significant influence on deformable
material failure [7]. The effect of hydrostatic
stress on deformable material failure was first
investigated by Bridgman [8]. Hydrostatic stress
increases the void generation, enlargement, and
merging, which designates in literature as
nucleation growth-coalescence of voids and
speeds up the deformable material failure
inception. High compressive/ tension pressures
increase/decrease the deformability of metals
than their deformability at atmospheric pressure
[9]. Mc Clintock [10] analyzed the enlargement
and merging of two voids having a cylindrical
shape with perfect plastic behavior. The
outcomes showed that the void growth directly
depends on the hydrostatic pressure.
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Besides the stress triaxiality, many scientists
indicated that the Lode angle, which could be
defined as a function of the second and third
deviatoric stress invariants, also has an important
effect on fracture process [11-13]. Bao and
Wierzbicki [14] experimentally demonstrated
that hydrostatic pressure is not the only variable
governing the failure process of metals. Barsoum
and Faleskog [15] presented the influence of the
Lode angle variable on the failure process. Xue
[16] introduced a phenomenological model to
estimate the deformable material failure, which
incorporates the influencess of hydrostatic
pressure and Lode angle variable. The Xue
model is presented on the coordinate system,
which is a function of pressure, Lode angle, and
equivalent stresses. That model defines the
influences of hydrostatic stress and Lode angle
as a failure surface in the coordinate established
by principal stress space.

According to the presented literature review,
deformable material failure of the refined grain
metals has not been studied in terms of the stress
state. The central goal of this investigation is to
consider this field of research by experimental
considering the failure of coarse grain and
refined grain copper with a purity of 99.7 %. A
proper ECAP-die set is prepared to produce the
refined grain copper specimens. The original
diameter and length of the annealed copper
specimens are chosen to be 30 mm and 120 mm,
respectively. The dog-bone and notched flat
plate samples of coarse and refined grain copper
in the three successive passes are prepared. To
compare the mechanical behavior of the coarse
grain and refined grain copper specimens, tensile
tests are performed on all machined ECAPed
samples. Also, the microhardness values of all
coarse and refined grain copper specimens up to
three passes are investigated. Finally, the mean
value of grain size of coarse grain and refined
grain copper specimens are examined.

2. Governing equations

In this work, the effects of the stress state
condition on the fracture type of the coarse grain
and refined grain copper are investigated.
Clausing studied the deformability variations in
un-notched and plane strain tensile tests [17].
The results showed a remarkable decrease in
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deformability of the notched flat plate samples
of steel blocks compared to the un-notched
axisymmetric ones. Xue claimed that the
difference in deformability between these two
cases is due to the change in the Lode angle
variable, which varies between 0 to 1 [16]. To
determine the integrated effect of the mean stress
and Lode angle variable on the deformable
fracture, a cylindrical coordinate system consists
of the three invariants (p, 6, oeq) is employed,
where p is the hydrostatic pressure, oq is the
von Mises equivalent stress, and 6 is the Lode
angle which is defined on the octahedral plane
starting from a deviatoric axis (see Fig. 1.) [16].
The hydrostatic pressure, the von Mises
equivalent stress, and Lode angle invariants can
be formulated in a cylindrical coordinate system
as follows [16]:

1

p=ztre (1)
0 = [osis )
0= 1arctan(ﬁj—i) (3)
3 2 2
J22

where o,s, J,, and J;are the Cauchy stress
tensor, the deviatoric stress tensor, and the
second and third invariants of the deviatoric
stress tensor, respectively. In the plasticity and
fracture, it is convenient to use the dimensionless
hydrostatic pressure as the stress triaxiality
parameter which is defined as [16]:

n=— @)

Similarly, the Lode angle can be normalized as
follows [16]:

| — 60|
T

0=1 (5)

Since the range of the Lode angle is 0 < 6 < g

the range of the Lode angle variable is 0 < 0 <
1. According to Egs. (4 and 5), all stress states
can be considered by the stress triaxiality and
Lode angel variables. Therefore, the stress state
encountered in the conventional constitutive
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models to estimate the fracture behavior by a set
of parametersm, 8 [13, 14, 16].

In this research, the extension tests were done on
the dog-bone and notched flat plate samples.
Table 1 depicts the analytical terms for the stress
triaxiality and the Lode angle variable parameter
in dog-bone and notched flat plate samples.

3. Experimental method

Copper with a purity of 99.7% and without any
atoms of oxygen was employed in this research.
Table 2 presents the chemical composition of
copper, based on BS EN 15079 standard [18].
The cylindrical shape annealed copper samples
were machined with a radius and length of 15
mm 120 mm, respectively. Coarse grain copper
specimens were annealed for 1 h at 550 °C and
then cooled in the furnace. The grain refining
process was implemented at ambient
temperature using a split ECAP-die made of H13
steel with a channel angle of 90°. Route B was
selected to carry out the grain refining process to
get maximum mechanical and metallurgical
properties [19]. In route Bc all specimens were
revolved by 90° about the axial axis in the same
direction between successive passes of the grain
refining process.

o p| VFO_
O'P|l= |5 Oy
3

P o o e

.o
\ T 0 (Lode angle)

Fig. 1. A 3D representative of the stress state in the
cylindrical coordinate systems [16].

Table 1. The values of stress triaxiality and the Lode
angle variable in un-notched and notched flat plate
tensile tests.

Specimen Analytical expressions for Lode angle
type stress triaxiality variable
Dog-bone_ sample, 13 0
tension
Notched flat plate, /3 t
tension |1+ 2+ 1

R is the radius of a notch or a groove
t is the thickness of a notched flat plate
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Table 2. The chemical composition of copper.

Element Weight (%)
Cu 99.7
Fe 0.0407
S 0.0208
Pb 0.0383
Co 0.0139
P 0.0151
Others 0.1712

The split ECAP-die and the fabricated refined
grain copper after the second pass are shown in
Fig. 2.

To perform the grain refining process, the
plunger velocity was selected 2 mm/s. In order
to reduce the frictional force in intersected
channels, molybdenum disulfide, (MoS;) spray
was employed. According to Eg. (1), the
equivalent plastic strain magnitude for the first
to third passes is 1.054, 2.10, and 3.16,
respectively [1]:

DY
B ed+Y snd+ Y

(6)

&=

where n is the number of passes, ¢ is die channel
angle, V¥ indicated the angle of the outer part of
the die, and € designates the plastic strain for
each pass of the grain refining process. In this
study, the angle of the outer part of the split
ECAP-die was 20°. The manufactured coarse
and refined copper specimens in 3 passes are
shown in Fig. 3.

To specify the microhardness values Falcon 400
made by Innova Test Company with the force of
50 g and the dwell time of 10 s were employed
based on ASTM E92 standard [20]. For each
sample, the number of Vickers hardness was
estimated six times random part of the surface;
the values reflected in this research are the
average of the measurements.

All of the coarse and refined copper tensile test
samples were chosen from the center in the
ECAP direction. Fig. 4 shows the position of the
dog-bone and notched flat plate samples
employed in the tensile tests.

The tensile test sample scheme with the
dimensions in millimeters is presented in Fig. 5.
The machining processes were performed on all
dog-bone samples in Okuma CNC lathe machine
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model Genos-L3000-E (Fig. 5(a)). Notched flat
plate flat specimens were produced through the
milling process in vertical machining center
model VMC 8740 made by Lagun Corporation.

P T T I

{ st

Pass 3

Fig. 3. Refined grain copper specimens in three
passes (scale: centimeter).

(b)
Fig. 4. The position of the tensile test samples; (a)
notched flat plate and (b) dog-bone sample.
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Fig. 5. Tensile test samples drawing (a) dog-bone
sample and (b) notched flat plate.

After grinding the flat surfaces of the notched
flat plate specimens, their bilateral grooves were
manufactured in a wire EDM machine (Fig.
5(b)). The dimensions of the samples in the
tensile test were selected according to the ASTM
E8 standard [21]. All tensile test samples after
the machining process are shown in Fig. 6.
Then, the samples were pulled up by 250KN-
Santam materials testing machine (the Santam
company model is STM 250) at ambient
temperature until fracture happened. All samples
were pulled thrice to guarantee the repeatability
of results. All tensile tests were performed
utilizing a constant rate of crosshead
displacement with the nominal strain rate equal
to 2 x 107 1/s. The configuration of the notched
flat plate specimen, in which its ends are fixed in
the grippers, is presented in Fig. 7.

Also, an optical microscope model BA310MET
manufactured by Motic Company, and the
scanning electron microscope model MIRA3
FEG-SEM fabricated by Tescan Company with
a voltage of 30 Kw were employed to investigate
the structure of the annealed and refined grain
copper specimens.

4, Results and discussion

The microstructures of coarse and refined copper
specimens processed in first to third passes are
presented in Fig. 8. Significant grain refinement
happened during the grain refining process. The
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mean value of the grain size of annealed copper
equals 25 um, while after three-passes of grain
refining process, the mean value of grain size
becomes 875 nm. The linear intercept technique
was implemented to determine the mean value of
grain size of the copper specimens, according to
the ASTM E112 standard [22]. Xue et al. [23]
reported that the refined grain copper has a mean
value of grain size equals 305 £ 15 nm after six
passes of the grain refining process.

Table 3 shows the mechanical properties of the
coarse and refined grain copper specimens. As
mentioned above, all samples were tested three
times to guarantee the repeatability of the results.
The average results of each test were presented
in Table 3. Repeated experimental results show
no significant discrepancy, and the deviation of
the results is less than 3%.

m 3
Pass 3
_) .

—

L
L

Annealed
w

Fig. 6. Dog-bone and notched flat plate tensile test
samples of coarse and refined grain copper.

Ly
S

Fig. 7. The configuration of the notched flat plate
sample.
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Fig. 8. Microtexture of copper with purity of 99.7%;
(a) optical image of annealed copper, (b) optical
image of one-pass, (¢) SEM image of two-passes, and
(d) SEM image of three-passes (etchant: 5g Fecl3, 40
mL HCL, 100 mL ethanol).
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The dog-bone sample force-displacement curves
of the coarse and refined copper specimens in the
three passes are displayed in Fig. 9. As regards
the range of Lode angle variable 0 < 8 < 1, the
Lode angle variable value in the dog-bone
sample tensile test is equal to 0. Fig. 10 exhibits
the engineering stress-strain curves of the coarse
and refined grain copper after three passes.

The results display that the grain refining process
significantly improves the strength of refined
grain copper samples. It is evident that the
maximum value of yield strength in refined grain
copper occurs after two-passes, and the dynamic
recrystallization at ambient temperature initiates
after three passes [24].

Table 3. Mechanical properties of all copper
specimens in this research.

Number of passes ~ Annealed 1 2 3

Yield stress (MPa) 78 336 390 395
Vickers hardness
number (HV) 71 126 134 142
Elongation (%) 54.5 22.38 19.5 15.8

Annealed
Pass 1

Normalized Force

0 1 1 1 1 1 1 1 I I
o 1 2 3 4 5 6 7 8 9 10

Displacement (mm)

Fig. 9. Normalized force-displacement curves of the
coarse and refined grain copper.

450

400 [ ——— Annealed

=M 350 1t~ \‘-._‘ = = Pass1

% 300 Bl Pass 2

é VS Sy, ——— Pass3

= 250 :

& 200

g 150

£ 100

m 50
0 . . . : :
0 0.1 0.2 0.3 0.4 0.5 0.6

Engineering strain
Fig. 10 Engineering stress-strain curves of copper
specimens.
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Due to the high defect density and grain
refinement, the deformability of refined grain
copper specimens during the grain refining
process reduces. In other words, the combination
of high hydrostatic pressure and large shear
strains causes to increase the crystal lattice
dislocation density, which can lead to significant
refining of the grains [24]. According to Table 3,
the annealed copper shows a large elongation to
complete failure near 50%, but the elongation
over all passes remains approximately constant
near 20%. It is described by many scientists that
the yield and ultimate tensile stresses reach their
maximum values after four passes, and with
repeating the processes the strength/the uniform
elongation of the refined grain copper slightly
decreases/ increases, respectively [25, 26]. This
behavior can be related to the more uniform
microstructure achieved after the three passes.
After the second pass, the portion of the lamellar
boundary structure with respect to the equiaxed
subgrains is notably lower [25]. It also indicate
the effect of the hydrostatic pressure on the
failure process. In smooth specimens, after
necking, the hydrostatic pressure of the stress
state increases. As experimental results shows,
hydrostatic pressure has a meaningful influence
on increasing the strength and decreasing the
deformability of refined grain copper.

A notched flat plate tensile test is employed to
evaluate the material mechanical properties
under shear conditions [16]. According to Fig. 5,
the grooves are situated perpendicular to the
longitudinal direction of the coarse and refined
grain copper samples. During the tensile test, the
fracture of the sample is taken place along the
entire grooves. In the notched flat plate tensile
test, the shear in the center region of the flat
sample, as well as the hydrostatic pressure,
indicates the stress condition [16].

Fig. 11 depicts the coarse and refined grain force
via displacement contour of the notched flat
plate specimens. The results exhibit the effect of
the Lode angle variable on the deformable
material fracture mechanism of the copper
specimens. In the plane strain condition, the
Lode angle variable reaches the maximum value
indicating the shear dominant stress state.
According to Fig. 11, the strength of refined
grain copper specimens increases under plane
strain conditions. It means that the grain refining
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process as a severe plastic deformation
technique increases the strength of copper under
the shear dominant stress state. Moreover, the
deformable material behavior of copper
specimens during the grain refinement process
gradually reduces. It is obvious that the influence
of the Lode angle variable on the deformability
reduction is less important than the effect of
hydrostatic pressure.

The macroscopic presence of the fracture surface
of dog-bone and notched flat specimens is shown
in Fig. 12. The fracture type of the smooth
annealed specimen is the classic cup-and-cone;
however, the broken surfaces of the refined grain
specimens show the slant fracture type. It means
that the final failure of the refined grain copper
specimens is a shear rupture with the fracture
surface incline 45° to the loading direction.

The results prove the effectiveness of the
microstructure texture on the deformable
material fracture mechanism, which with the
same stress state, the refined grain dog-bone
specimens fractured with a different shape in
comparison with the annealed one. As seen in
Fig. 12(b), the fracture mode in all notched flat
plate specimens is a slant fracture. Also, the
angle of the surfaces with respect to the
longitudinal direction of the specimens is exactly
45°. The slant fracture reflects that the fracture
occurs under plane strain conditions, in which
the Lode angle variable reaches unity. The
results reveal the effect of the Lode angle
variable on the deformable material failure
process.

2
RN N —— Annealed
f ™ - — - — - - Pass 1
Co- . - Pass 2
1.5 ( e N Pass 3

Normalized Force
N

0.5

o}

0O 02 04 06 038 1 1.2 1.4
Displacement (mm)

Fig. 11. Normalized force via displacement contours
of the notched flat plate samples.
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3

2 1 A
(b)

Fig. 12. Macroscopic appearance of (a) dog-bone
samples: “A”: annealed, “1”: one-pass grain refining
process, “2”: two-passes grain refining process, “3”:
three-passes grain refining process, and (b) notched
flat plate samples: “A”: annealed, “1”: one-pass grain
refining process, “2”: two-passes grain refining
process, “3”: three-passes grain refining process.

5. Conclusions

In this research, the deformable material failure
of the coarse and refine grain copper specimens
was investigated. A split ECAP-die was
fabricated to prepare the refined grain copper
specimens at room temperature. Then, the dog-
bone and notched flat plate samples of the coarse
and refined grain copper specimens in three
passes were manufactured. To compare the
mechanical behavior of the coarse and refined
grain copper specimens, a series of tensile tests
were implemented on all machined samples.
Moreover, the mean value of grain sizes of the
copper specimens was specified. Finally, the
cross-section areas of fracture surfaces were
scrutinized. Based on the obtained results, the
important points can be summarized as follows:

e The grain refining process significantly
improves the strength of copper components.
After three passes, the yield strength of the
cooper improves by approximately 400%.

o The deformability of refined grain copper
specimens during the grain refining operation
remarkably reduces. After three passes, the
elongation of the cooper increases by
approximately 270%.
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e The load-carrying capacity of refined grain
copper components also increases under plane
strain conditions.

e The effect of the Lode angle variable on the
deformability reduction is less than the effect of
the hydrostatic pressure.

e The deformability of copper specimens
during the grain refining process gradually
decreases, and the Lode angle variable becomes
one.

e With the same stress state, the fracture
surface of the coarse grain dog-bone sample is
the classic cup-and-cone type; however, the
broken refined grain specimens exhibit the slant
fracture.

e The angle of the fracture surface of notched
flat specimens in the longitudinal direction of the
specimen is 45°. The slant fracture of the
notched flat plate specimens reveals that the
fracture happens under a shear dominant state.
For future research, it is beneficial to
micromechanically  investigate the shear
dominant deformable material fracture in refined
grain specimens such as aluminum, titanium,
and steel.
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