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Abstract The C11000 billets were intensely deformed
through equal channel angular extrusion (ECAE) up to
eight passes. The deformed microstructure of the billet was
assessed by electron-backscattered diffraction (EBSD). The
mechanical properties of the extruded billets were evalu-
ated by tensile and hardness tests. The microhardness and
microstructural investigations at different positions of the
billet thickness revealed development and homogeneity by
increasing the number of passes. This result was approved
by the uniform distribution of effective strain in the ECA-
extruded samples at high passes which was obtained by
DEFORM-3D software. It became clear that the average
microhardness is significantly raised up to four passes
of ECAE and thereafter it is slightly reduced when more
passes are applied. Utilizing the sub-structural data, the yield
strength of the billets was predicted. The model is consistent
with the experimental results.

Keywords Equal channel angular extrusion - Ultrafine
grain - Strength - C11000 alloy - Homogeneity

1 Introduction

Copper alloys are commonly utilized as electrical and
thermal interface materials due to their attractive conduc-
tivity, resistant to corrosion as well as good strength and
ductility [1, 2]. Ultrafine-grained (UFG) materials have
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been conspicuous in recent years arising from the unusual
properties of these materials [3, 4]. Severe plastic deforma-
tion (SPD) processes are widely used for the production of
UFG structures and obtaining moderately large bulk sam-
ples without residual porosity [5]. The most familiar process
of SPD is the equal channel angular pressing or extrusion
(ECAE) which has been extensively applied on the diverse
range of metals [5—7]. This process consists of extrusion of
a billet through two channels, intersecting at the inner and
outer corner angles @ and ¥, having the same cross section.
Equation (1) describes the equivalent strain up to N passes

[8]:
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Under ideal conditions, it has been confirmed that a sam-
ple extruded through an ECAE die undergoes a homogene-
ous simple shear strain, whereas it should be noted that the
strain during ECAE is not actually homogeneous [9]. In spite
of the several publications clarifying the tailored micro-
structures, through-thickness microstructure gradients after
subsequent passes of ECAE have been slightly investigated.
For instance, Terhune et al. [10] examined solely the top
of the billet for microstructural analysis and recommended
the homogeneities after a small pass numbers. Necker et al.
[11] explained that consecutive passes based on route B did
not homogenize the strain in the samples. However, in two
other reports, it was noted that the homogeneity increased
after eight passes [12, 13]. Regarding the restricted and con-
flicting area of these researches, in this investigation it is
attempted to evaluate the through thickness homogeneity of
the ECA-extruded samples via microstructural observations,
microhardness variations and effective strain distribution.
Utilizing the structural parameters—flow stress correlation,
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the yield strength was predicted and compared with meas-
ured values.

2 Experimental Procedure

The material utilized in this research consisted of copper
alloy UNS C11000 (99.95%). The dimensions of copper bil-
let were 70 % 14 X 14 mm. The ECAE process was executed
at ambient temperature using a die with an inner angle of
@® =90° and outer angle of ¥ =20°. Samples were extruded
up to 8 passes through route B (rotation by 90° after every
pass). To evaluate the microstructure, specimens with
dimensions of 14 X 7 X2 mm (normal direction (ND) X extru-
sion direction (ED) X transverse direction (TD), respectively)
were cut from the ECAE-ed copper (Fig. 1). The microhard-
ness evaluation was repeatedly performed through the thick-
ness using a MHT-1 tester equipped with a Vickers indenter
under a load of 200 g for a time of 20 s. These points were
described by a parameter S, which defines At/t), where At
and t, are the distance of the examined positions from the
bottom surface in the central regions and sample thickness,
respectively. The tensile test specimens were prepared from
the as-extruded materials (ASTM E-8), and uniaxial testing
was carried out using an Instron 5582 universal tester at a
constant strain rate equal to 10 s™!. For EBSD orientation
mapping, the surfaces were electro-polished in a solution
composed of 2:3 H,O/H,PO, (85 vol.%) at—20 °C and a
voltage of 45 V. The EBSD characterization was performed
by means of TSL OIM data collection 7 in Philips XL-30
FEG SEM worked at 15 kV. The copper specimens were
studied in three different depths: S=0.1 (i.e., 1.5 mm from
the bottom), S=0.5 and S=0.9. For each depth, some ori-
entation maps were considered using an 80-nm step size on
the overall area of approximately 80 pm X 20 pm.

Fig. 1 Schematic feature of the
coordinate and specimen based
on the ECAE die

@ Springer

3 Finite Element Modeling

ECAE process of copper billets was simulated with the help
of Deform 3D software up to 8 passes. The die and ram were
modeled as a rigid body, whereas the sample was simulated
as an elastic—plastic material. The die geometry, sample size
and ram speed were the same as the experiments. The mate-
rial behavior of the copper was achieved from the tensile tests.
The stress—strain curves of the as-received copper and the
deformed billets after different passes of ECAE are plotted
in Fig. 2. The specimen was meshed using 30,000 elements.
The automatic remeshing was implemented if the elements
became too distorted through simulations. In order to evalu-
ate the homogeneity of the process, the distribution of strain
accumulated in the sample after 1, 4 and 8 passes was studied.
The strain inhomogeneity index (e*) was also determined by
the equation given below [14]:
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Fig. 2 Tensile stress—strain curves for C11000 copper at room tem-
perature after different ECAE passes
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Where €,max) Epminy 30 €p(aye) are the maximum, minimum
and average effective plastic strains, respectively.

4 Results and Discussion

The average grain size of the undeformed copper billet was
estimated as 34 pm (Fig. 3). Figure 4 illustrates the orien-
tation color maps taken from several positions in the Cu
sample after one ECAE pass. The majority of the micro-
structure in the middle (S=0.5) and top (S=0.9) consists
of some elongated (sub) grains. The fibrous structures might
have caused by the continued subdivision of some defor-
mation bands (DBs) [15]. The extension of the microstruc-
tures at S=0.5 is around 45°. It is clear that in ECAE under
ideal circumstances, the mode of process is simple shear
[16]. However, at S=0.9, subgrains are matched with an
angle which is smaller than 45° but nearly similar to that
of S=0.5 (Fig. 4a, b). This may be attributed to the friction
between the sample and the die bringing in an additional

Fig. 3 EBSD color map illustrating the microstructure of the initial
undeformed specimen

shear. Besides, this shear may raise the considerable strain
beyond the strain applied in the ECAE. Hence, it is antici-
pated that at S=0.9, the microstructural development takes
place more rapidly than near S=0.5 middle position. These
results are in agreement with the FEM research described by
Kim et al., proving a larger equivalent strain in the vicinity
of top surface of ECAE sample [17]. While, the microstruc-
ture at the bottom (S=0.1) indicates larger and more equi-
axed grains, similar to the initial microstructure (Fig. 4c).
Under this condition, the effect of friction may be ignored
due to a small gap between the billet and the die wall dur-
ing deformation in spite of the outer corner angle [18]. The
calculated orientation distribution functions (ODFs) of this
specimen (in Bunge’s notation) shown in Fig. 5 justify the
nature of the microstructural refinement and morphology
at different positions. The FCC shear textures have been
categorized into three components: A {111} <hkl>, B
{hkl} <110>and C {001} <110>. These orientations are
of two incomplete fibers: {111}y <uvw>witha {111} plane
counter clockwise rotated by 8 about TD from the ND and
{hkl} < 110> 4 with a < 110> direction revolved. ODF plots
can separate some components, such as Ay, Ay, A* o, which
partly overlap in the pole figures [19]. The position of the
ideal shear components in the ODF section is shown in the
key figure. The ODF sections of S=0.1 (Fig. 5a) exhibit
a major texture component that is cube. This component
is generally accepted as deformation and recrystallization
texture component distinguished in Cu alloys. Indeed, the
starting texture has a significant effect on texture develop-
ment during ECAE [20], since the strain through each pass
is not enough to extinguish the texture prehistory. At S=0.5,
the @, =0° Sect. (0°< @, <180° 0° <@ <90°) shows A,
and C, components in addition to a stronger but wide spread
A,y components. A relatively larger spread has been identi-
fied around the ideal location of A, and By/B, components.
Meanwhile, continuous orientation distribution joining Ay,
Bg and Cy components (B fiber) in the ODF is observed. The
absolute intensities of these components are non-uniform.

Fig. 4 The EBSD orientation color maps achieved from different positions of the specimen experienced 1-pass ECAE
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Fig. 5 ¢,=0° and ¢,=45° ODF sections of textures measured from different positions after 1-pass ECAE accompanied by the key figure show-

ing ideal orientations [23]

Similar connection between the components §g, A,y and
By, A} could be noticed because of the strong intensity of
EH component. It is clear that the texture at S=0.9 looks
very similar to that of S=0.5. But, the B fiber shrinks to
its By component. Also, the intensity of the A*,, A*, and C
components increases toward the top surface. The substitute
deformation systems of type A*, and A*, could have been
developed by the block of the dislocation mobility because
of the extensive subgrains generated [21].

Color maps acquired in different sections of the samples
after 4- and 8-pass of ECAE are demonstrated in Figs. 6 and
7. From Fig. 6, the prior texture is evolved mainly to (101)

and (111) to (100) at middle (S=0.5) and top (S=0.9),
respectively, while the texture of the bottom surface (S=0.1)
is different to some extent according to the standard ste-
reographic triangle; hence, the through thickness texture
is inhomogeneous even after four passes. The large elon-
gated microstructures related to one pass are fragmented
into equiaxed or small elongated grains. The heterogeneity
of the microstructure through the sections is in contrast to
that reported for aluminium [22]. This is probably due to the
fact that the uniform microstructure with either high or low
SFE is rather attained than that of metals with intermediate
value of SFE during ECAE [23]. Also, the work hardening

101

Fig. 6 The EBSD orientation color maps achieved from various positions of the specimen experienced 4-pass ECAE
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Fig. 7 The EBSD orientation color maps achieved from different positions of the specimen subjected to 8-pass ECAE

of the material should be taken into account [9]. On the other
hand, the microstructure of specimen after 8-pass is more
homogeneous than that of previous specimens in the light
of grain morphology. Moreover, the microstructure mainly
consists of uniform texture and an equiaxed microstructure
of a finer grain size is obtained (Fig. 7).

The distributions of the misorientation angles are shown
in Fig. 8 for the specimens extruded through 4 and 8 passes.
Although the fraction of high-angle grain boundaries
(HAGBS: misorientation > 15°) increases to 69.6%, some
low-angle boundaries (LAGBs) have already appeared after
4th pass and the average misorientation angle is 28.7°. Dur-
ing the subsequent deformation (up to 8 passes), the average
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fraction of HAGBs and misorientation angle increase signifi-
cantly to 81.4% and 35.7°, respectively. Indeed, the majority
of the microstructure contains HAGBs. By rising passes of
ECAE, dislocation’s mobility inside the grains may become
harder due to the prevention of the intergranular strains. The
plastic deformation could be adapted by (sub) grain rotation,
which promotes the enhancement of HAGBs fraction and the
generation of new finer grains [24]. Also, the distribution of
misorientation angles at S=0.5 shows the peaks (Fig. 8b).
The bimodal distribution is a feature of severely deformed
materials [25]. Grains not oriented in any stable orientation
following the subjected strain field will be subdivided by
DBs rotating into stable orientations. Deformation banding
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Fig. 8 Distribution of the grain boundaries misorientation angle at the center, top and bottom of the specimens after a 4 passes and b 8 passes
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has two probable sources. Based on the first theory [26],
these bands initiate as a result of the ambiguity in selec-
tion of the operative slip systems. Another source is given
by inhomogeneous straining, i.e., various regions of a grain
may experience different strains. The DBs are subdivided
by geometrically necessary boundaries (GNBs). Moreover,
boundaries are also created by statistical trapping of dislo-
cations, so-called incidental dislocation boundaries (IDBs).
It is worth mentioning that the misorientation of both items
principally rises with strains [27].

Figure 9 shows the microhardness data versus normalized
distance from bottom of the billet. These results are illus-
trated after several passes, and the lower solid points rep-
resent determined data in the as-received state. The single-
pass ECAE evidently creates an inhomogeneous hardness
distribution at S=0.1 where the hardness value is notably
smaller than in the other sites. Likewise, there are larger
error bars after first pass as a result of higher inhomogene-
ity. On the contrary, the inhomogeneity decreases after 4th
pass in terms of reduction in the extent of the error bars and
the points of low hardness close to the bottom (S=0.1).
The hardness declines to some extent after 8th pass, and
the degree of homogeneity is developed beyond 4th pass.
The mean value of the hardness has been considered for all
the samples. Contour plots of effective strain distribution
and their related histograms up to 8 passes of ECAE are
demonstrated in Fig. 10. It is clear that by increasing the
number of passes, the accumulated strain increases. Based
on the theoretical calculations, after 4 passes the average of
strain would be 4 and as it is seen in Fig. 10b, most of the
elements experience such a strain. The histograms show that
by increasing the number of passes, the percentage of ele-
ments which have the same amount of strain is increasing.
After 8 ECAE passes, nearly 50% of elements have the strain
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Fig. 9 Values of the Vickers microhardness on the flow plane after
ECAE through 1, 4 and 8 passes
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of about 7.5. It can be concluded that more deformation
homogeneity is achieved at higher passes (Fig. 10c).

A deformed sample can be separated into three defor-
mation zones along the extrusion direction (Fig. 11a). The
deformation heterogeneity with non-uniform effective strain
distribution is shown in head of deformation zone (HDZ).
Also, the tail deformation zone (TDZ) is not a wholly
deformed area with deformation heterogeneity, while the
main deformation zone (MDZ) occupies the most area with
the best homogeneity. The actual trend of strain enhance-
ment across the XY path after 1, 4 and 8 passes is obvious
in Fig. 11b. After first pass, the amount of strain increases
by approximately 250% in bottom-side-up. This large strain
increment illustrates the non-uniformity of the deformed
sample. For two other ECA-extruded specimen, the maxi-
mum strain enhancement during the path is about 50% and
it remains almost constant in the middle part of the thick-
ness. Hence, it can be concluded that after 4 and 8 passes,
there is a reasonable degree of uniformity in the deformed
specimen. The same trend of strain distribution for different
ECAE passes in the thickness direction was reported earlier
[14, 28]. To evaluate the degree of homogeneity, the strain
and microhardness distribution through thickness were com-
pared for different ECAE passes by calculating the inhomo-
geneity index of strain (¢*) and the hardness (H*):

H x= (HV - HVmin) / HVavg; € *= (emax - 6min)/eavg

3

max

These indices are plotted in Fig. 11c. It can be observed
that both the H* and e* are decreasing with increasing the
number of passes. In this figure, a relatively sharp reduction
from one to fourth pass is followed by a slow reduction from
4- to 8-pass ECAE process. Thereby, the obtained homoge-
neity in the microstructure and microhardness are consistent
with the FEM simulations.

Figure 12 exhibits the yield strength versus the number of
passes. Additionally, the average value of the hardness data
is plotted. There are two types of boundaries in deformed
pure FCC materials of medium to high SFE [29]. First, IDBs
which have low-angle misorientations and their strength-
ening are via dislocations. Second, GNBs contribute to
strength through grain boundary mechanism [30]. Accord-
ingly, the yield strength is determined by a combination of
these mechanisms as follows [31, 32]:

—2zh

= lz—Geﬁ + [MGa\/3b0LAB(1 “hH+ k\/f]d‘l/z @)

The first term is used to describe the Peierls—Nabarro
(friction) stress. Here G, v, h and b are the shear modu-
lus, Poisson’s ratio, primary slip step and Burger’s vector,
respectively. On the other hand, M is the Taylor factor, o is
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Fig. 11 a Effective plastic strain contour across longitudinal direction after one pass ECAE process, b strain increment percentage through
thickness direction and ¢ effect of ECAE pass number on inhomogeneity index

a constant, d is the mean (sub) grain size, 6, 45 the mean
misorientation of LAGBs, f the fraction of HAGBs and k
the Hall-Petch constant. Using the values of G=45.6GPa,
v=0.324, h=0.203 nm, b=0.256 nm, M=3.06, a=0.24,
k=0.14Mpa \/ﬁ for copper, and inserting the microstruc-
tural factors via the EBSD characterization (which is aver-
aged through the billet thickness), the yield strength was
calculated.

Although the experimental strengths confirm the theo-
retical predictions at first passes, steady trend in the deter-
mined yield strength up to eight passes can be observed.
The discrepancy may be affected by three essential issues.
First, the strengthening due to texture evolution considered
constant in Eq. (4) [33]. Second, the specific angle of the
boundaries at which their strengthening roles transform is
designated as 15° [34]. Third, boundaries with a misorien-
tation above 2° are merely accommodated in the analyses,
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Fig. 12 The dependence of calculated and measured yield strength as
well as the mean microhardness on the number of passes

while by increasing the pass numbers, a fraction of very
LAGBs still exists in the microstructure. Resembling the
tensile results, the hardness enhancement after the first
pass is notable as a result of drastic increase in dislocation
density and the onset of smaller (sub) grain production.
Between two and four passes, the increasing rate of hard-
ness and yield strength is low and it reaches its maximum
with more than four passes. From the four to the eight
passes, a moderate decrease is discerned in the measure-
ments. Indeed, the strain softening arise on the basis of
dislocation rearrangement [35]. Therefore, the dislocation
density growth likely reduces due to annihilation and for-
mation of locks or dipoles [36]. It is evidently shown that
the microhardness is correlated with yield strength, by the
ratio in the range 3.02-3.29 for the case of Hv ~ 6,/3 as
has been earlier presented [37].

5 Conclusions

In the recent study, C11000 billets were ECA-extruded
up to 8 passes. Then, the microhardness, yield strength,
subgrain size, area fraction of the HAGBs, misorienta-
tion angles and the texture of the copper were assessed.
According to the results, the microstructure and micro-
hardness of the specimens was heterogeneous up to 4
passes, whereas thickness gradients nearly disappeared
after eighth pass. The simulation analysis of the plastic
strain represented a trend similar to that of experimental
data distribution. The ECAE process increased the hard-
ness and strength of the copper up to four passes. Then,
they got decreased during the further passes, whereas the
increment in the calculated yield strength was constant.
This phenomenon was attributed to take a stable texture
and constant critical angle of the boundaries plus the
ignoring boundaries with a misorientation angle below 2°.
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