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Constrained groove pressing (CGP) is one of the severe plastic deformation techniques to achieve ultrafine grains
in bulk sheet metals. The CGP process induces large plastic strain through incremental steps of shear and reverse
shear using grooved and flat dies. The equivalent plastic strain distribution during CGP process can be correlated
to the extent of grain refinement and the uniformity of ultrafine grains. The numerical analysis in the past have
assumed isotropic hardening to model CGP process that does not consider the Bauschinger effect due to con-
tinuous change in deformation path between subsequent stages. In the present work, the effect of Bauschinger
effect is considered using a combined isotropic-kinematic hardening model in simulation. The finite element
model assuming isotropic hardening is validated with the results available in literature. Experiments on CGP
were performed using three different materials and were modelled using both isotropic and combined hardening
models. The maximum strain and the strain inhomogeneity predicted using combined hardening models were
consistently greater than the isotropic hardening assumption.

1. Introduction

Severe plastic deformation (SPD) processes are used to produce bulk
ultrafine grained structure with special properties such as high strength
and toughness, corrosion resistance, high fatigue strength etc., as
summarized in [1]. In SPD processes, material is subjected to intense
plastic strain to achieve ultrafine grains in the order of sub-micron
range. There are many established SPD techniques such as Equal
channel angular pressing (ECAP) [2,3], High pressure torsion (HPT)
[4], Repetitive corrugation and straightening (RCS) [5], Multi axial
forging (MAF) [6], Asymmetric rolling (ASR) [7], Accumulative roll-
bonding (ARB) [8], Twist extrusion (TE) [9] and Constrained groove
pressing (CGP) [10] to name a few. Among these, RCS, ASR, ARB and
CGP methods are suitable for sheet metal applications.

In CGP process, the material is subjected to repeated shear de-
formation by subsequent pressing between asymmetric grooved and flat
dies. Dies are made in such a way that material is constrained along its
periphery to avoid any process induced dimensional change. The ma-
terial is subjected to repeated passes till failure, each pass consists of
four stages: two grooving operations alternating with two flattening
operations, as schematically illustrated in Fig. 1. Shin et al. [10] showed
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that at the end of each pass, the entire material is subjected to an ef-
fective plastic strain increment of 1.16. There are distinct advantages of
CGP over the other techniques such as: no dimensional change in
processed sheet, large strain imposed in single pass, easy handling and
fabrication of dies and simple experimental setup.

Improved mechanical properties through CGP has been accom-
plished in a wide range of materials with different crystal structures
such as BCC (low carbon steel investigated by [11]), FCC (aluminium
by [12,13]) and HCP (titanium by [14,15]) and multiphase alloys such
as Cu-38 Zn alloys [16]. Along with dislocation interaction, other grain
boundary effects such as diffusion and grain boundary sliding occurs
resulting in increased toughness [17]. In general, the strength increases
whereas the rate of strain hardening and ductility decrease with the
increase in number of passes. Humphreys and Hatherly [18] observed
that after certain number of passes, the strength decreases due to dis-
location annihilation by dynamic recovery. Better correlation with ex-
perimental results was found [19,20] when modelling the CGP process
with dislocation density model, suggesting the validity of dislocation
strengthening mechanism. Further increase in plastic strain through the
number of passes leads to failure by cracking [16]. Attempts have been
made in the past to increase the grain refinement during CGP by
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Fig. 1. Schematic diagram of constrained groove pressing (CGP) process.

postponing the fracture. Krishnaiah et al. [21,22] tried to suppress the
dynamic recovery of dislocations by subjecting the material to cryo-
genic treatments, though no improvements was observed. Sajadi et al.
[23] used two additional thinner sheets above and below the deforming
sheet during CGP to reduce the surface cracking and to improve uni-
form strain distribution through the thickness. Wang et al. [24] showed
that lubrication reduce the surface residual stress in CGP. These studies
demonstrate that friction between the die and the deforming sheet plays
an important role in the maximum strain that can be imparted during
CGP. Increased friction introduces non homogenous strain through the
thickness resulting in reduced maximum strain. Peng et al. [16,25]
reported that wider groove area in CGP reduced the risk of cracking in
Cu-Zn alloys. This improved the strain uniformity in CGP process.

Through CGP process, efforts have been made to successfully in-
crease the strength of the materials for various industrial applications
(refer [26]). The degree of grain refinement is closely related to the
effective plastic strain, evident from the increase in strength with the
number of passes. In addition to the effective strain, it is also noted that
homogenous strain distribution is important to avoid premature failure
by localized necking. Homogenous strain distribution during CGP gains
importance in related applications. For instance, SPD processed UFG
materials find applications related to microforming small components
[27], where homogenous grain distribution has a significant role in
better formability and accuracy [28]. It was observed [29] that regions
under and close to center in slant sections of CGP produce more grain
refinement than the corners as the latter is influenced by additional
bending around the radius. Understanding the plastic strain distribution
during the SPD process is essential to optimize the process outcome for
specific applications.

Researchers have used numerical techniques to simulate the de-
formation behavior and strain distribution during CGP. Yoon et al. [20]
showed that the non uniform strain distribution in transverse direction
is due to lesser shear deformation at the interface of slant and flat re-
gions. Satheesh Kumar et al. [30] investigated deformation behaviour
of aluminum in CGP process and validated the results with hardness
distribution. Inhomogeneous strain distribution was observed
throughout the sheet. The middle surface is subjected to superior strain
distribution compared to top and bottom surface after one pass. Wang
et al. [31] analysed the plastic strain distribution and correlated it with
the geometry of the CGP die.

Most of the numerical analysis discussed above simulate only the
first stage of the process and not the entire four stages constituting a
pass. The work hardening in CGP involves strain path reversal in each
successive stage. Work hardening of the material is different for for-
ward shear deformation of first and third stage compared to reverse
shear deformation of second and fourth stages. This reversal of plastic
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shear strain deformation exhibit Bauschinger effect and softening of
material [32-35] and is observed in severe plastic deformation [36,37].
Bauschinger effect is characterized by the softening of material with
change in strain path. The Orowan mechanism was found to be the
primary governing mechanism for the softening whereas the backstress
and intergranular residual stresses aids the Orowan mechanism [38].
Using neutron diffraction experiments [39], the Bauschinger effect in
pearlitic steel is correlated with the evolution of internal stress due to
misfit strain between the ferrite and cementite phases. Similarly, the
possibility of stress induced separation of partial dislocations in TWIP
steels to induce Bauschinger effect has been investigated [40]. Hu et al.
[41] developed a physically based self consistent crystal plasticity
model to verify the influence of residual stress at different length scales
on the Bauschinger effect.

While the underlying mechanism involves micro structural in-
vestigation across different material length scales, macroscopic models
have been developed to predict the mechanical behaviour involving
change in strain path. Bauschinger effect can be accounted phenom-
enologically using combined isotropic-kinematic hardening models that
generalizes Prager's linear kinematic hardening model [42]. The kine-
matic hardening component is accounted in these models by the
translation of yield surface. The non-linear kinematic hardening model
proposed by Chaboche [43] is widely used. Several modifications of the
model has been attempted to include permanent softening [44] and the
effect of temperature [45], strain [46] and plastic anisotropy [47] on its
parameters. Alternately, the asymmetry in yield surface due to Bau-
schinger effect can also be modelled using anisotropic hardening or
distortion hardening approach [48]. Two surface models with a
bounded second yield surface to model the kinematic component has
been developed in the past [49]. Many new models have been proposed
recently using the two yield surface approach [50-52]. The single
surface models after Chaboche are computationally less expensive and
are often preferred over two surface models [47].

The aim of present work is to develop a methodology to accurately
simulate the mechanical behavior of material during CGP process that
can assist in understanding the evolution and inhomogeneity in plastic
strain distribution. Initially finite element simulations are performed
following isotropic hardening assumption and compared with the re-
sults reported in literature. This was used to validate the finite element
model and eliminate other errors in boundary conditions. Later, nu-
merical studies were performed using combined isotropic-kinematic
hardening models that account for the Bauschinger effect during strain
reversal in higher stages. Physical experiments were performed using
three different materials namely low carbon steel, commercially pure
aluminum and aluminum alloy (AA5083). The experimental results
were compared with the numerical predictions. It is shown that it is
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Table 1
Chemical composition of low carbon steel, commercial aluminum and AA5083
alloy.

Low carbon steel

Element Fe C Mn P S Al Si
wit% 99.615 0.038 0.224 0.011 < 0.008 0.042 < 0.07
Commercial aluminum

Element Al Cu Mn Mg Fe Zn Si
wit% 97.96 0.147 0.438 0.256 0.82 0.042 0.225
Aluminum alloy (AA5083)

Element Al Mg Mn Cr Cu Fe Si
wt% 94.062 4.8 0.63 0.064 0.033 0.087 < 0.087

Sheet

Upper corrugated die Upper Flat die

Lower Flat die

Lower corrugated die Four sided constrained

Fig. 2. Constrained groove pressing dies with sheet.
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Fig. 3. Engineering stress—strain curves of the three as-received materials (in-
itial strain rate = 0.001 s~ 1).

important to simulate more than two stages of CGP as the mechanical
behavior in higher stages were distinctly different from that of lower
stages. In addition to that, simulating the process using combined
hardening models provided more meaningful insight of the CGP pro-
cess.

Table 2
Material properties incorporated in FE simulation in three chosen materials.

Journal of Manufacturing Processes 38 (2019) 49-62

2. Experimental study

The chemical composition of the investigated materials, low carbon
steel, commercially pure aluminum and aluminum alloy (AA5083) with
fully annealed condition is shown in Table 1. Low carbon steel and
commercial aluminum materials were selected for this process because
they have relatively low strength with less alloying elements. AA5083
which is an Al-Mg alloy was investigated to understand the influence of
alloying elements in the CGP process. All the sheets were of 2mm
thickness.

Uniaxial tensile tests as per ASTM-E8M [53] was performed in the
as-received condition and at the end of each successive CGP pass. The
die impressions post CGP process were removed physically prior to
tensile test. All the tests were carried out in 100 kN INSTRON tensile
testing machine with initial strain rate of 0.001s™!. The tests were
repeated at least three times for repeatability. Cyclic tests with 1%
constant strain amplitude were conducted on selected three materials
(low carbon steel, commercial aluminum and AA5083) to evaluate the
isotropic and kinematic hardening parameters. Specimens taken along
rolling direction for cyclic tests are of 7.9 mm gauge length and 2 mm
width in according to ASTM E606-92 [54] standard. 5 mm gauge length
clip-on extensometer was attached to the specimen to measure the
strains at constant strain rate of 0.02s~ ', 50 cycles were recorded for
each cyclic test. The material parameters for isotropic and kinematic
hardening are determined by curve fitting the experimental response.

Vickers microhardness tests were carried out on commercial alu-
minum and low carbon steel in transverse and through thickness di-
rection to estimate the non-uniformity in properties. A load of 100 g
was applied for a dwelling time of 15s at close distance for two con-
secutive reading. Hardness data was collected from nine locations in the
transverse direction and four locations in through thickness direction
after each pass. Inhomogeneity factor and dislocation density in the
material was evaluated from the measured micro hardness values.

The CGP dies included lower grooved die, upper grooved die, lower
flat die, upper flat die and constrained housing (for constraining sheet
to avoid shape and size change and allowing upper and lower die to be
aligned) and were designed for sheets with dimensions
64mm X 64mm X 2mm as illustrated in Fig. 2. These dies were fab-
ricated with 45° groove angle for 2 mm sheet thickness and this thick-
ness is equivalent to width and depth of slant regions. During this
process, molybdenum disulfide (MoS,) was employed between die and
sheet surfaces to reduce friction. All the experiments were carried out in
a 100 t capacity double action hydraulic press at a velocity of 20 mm/s
with a groove depth of 2 mm.

3. Finite element simulation with isotropic and combined
hardening

Finite element simulation of the entire first pass involving four
stages was carried out using commercially available ABAQUS software
to understand the Bauschinger effect in CGP. Owing to symmetry, only
a section of the deforming material (dimension 26 mm X 2 mm) under
plane strain condition was considered for simulation. Around 1300
elements of element type CPE4R (bilinear plane strain quadrilateral,
reduced integration, hourglass control) were used to model the de-
formable sheet. The tools were modelled as analytically rigid. The
coefficient of friction between sheet and dies surfaces was assumed to

Strain hardening exponent, n Strength coefficient, K (MPa)

Material Yield strength (MPa) Ultimate strength (MPa)
Low carbon steel 225 300
Commercial aluminum 116 148
AA5083 165 305

0.25 540
0.18 250
0.33 640
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Fig. 4. Stress-strain cyclic curve with 1% constant strain amplitude of (a) low carbon steel, (b) commercial aluminum and (c) AA5083.

Table 3

Calibrated isotropic and kinematic hardening parameters for three materials.
Material 0, (MPa) Q (MPa) b C; (MPa) Y1 C, (MPa) Y2 C3 (MPa) V3
Low carbon steel 225 —33.6 4.6 180,000 6000 30,000 500 1700 0
Commercial aluminum 116 —25.3 4.9 78,000 6000 156,000 600 1920 0
AA5083 165 38.0 2.8 318,000 4000 16,000 700 5000 0

be 0.1, as in literature, for e.g. [20,31]. Rate independent plastic de-
formation is assumed in the analysis. Displacement based constraints
were used to define the tool motion. Springback simulation is carried
out between subsequent stages to account for the redistribution of re-
sidual stresses.

Finite element simulations were performed using both isotropic and
combined isotropic-kinematic hardening assumptions. The widely used
Chaboche non-linear kinematic hardening model (NLK model) was
utilized for the latter purpose. The Chaboche NLK model can be de-
scribed as follows.

A combined isotropic- kinematic hardening yield criteria can be
generally represented as Eq. (1)

F(o,¢) = logg —xl — 0, =0 D)
where F is the yield function of stress components (0) and equivalent
plastic strain (ep), 0. is effective yield stress, x is translational stress or
backstress and oy, is initial yield stress.

The backstress, x in the above equation offsets the yield surface in
the principal stress space in the direction of effective plastic strain in-
crement. In the case of proportional loading, evolution of back stress, x
can be ignored. The strain hardening behavior is isotropic in nature and
can be expressed purely by the yield locus size given by o:

oy (€p) = g, + R(gp) 2

0, is the initial yield stress in the sheet used and R(ep) is the isotropic
strain hardening function.

Hollomon hardening behavior expressing R(e,) = Ke" is found to
model the behavior of wide range of materials. Voce hardening model
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represents another class of behavior where the stress saturates to a
maximum critical value and is given by R(e,) = K(1 — e o).

In the case of combined isotropic-kinematic hardening models, the
evolution of yield locus is modelled as a combination of isotropic
component for expansion of yield locus followed by kinematic com-
ponent for translation of the yield locus. The cyclic hardening behavior
saturates to a stable hysteresis loop, during which the isotropic com-
ponent ceases to operate and the stable hystereis loop is modelled by
the kinematic component. Isotropic hardening model is introduced to
incorporate cyclic softening effect, while kinematic hardening model
simulate a stable stress-strain hysteresis loop. Therefore a saturating
isotropic model of voce type was adopted in Chaboches NLK model,
given by Eq. (4),

R =b(Q — R)é,, 3)

R(g) = QA — e7™) 4

where Q and b are material constants. Q is the saturated value of R(e,)
and b is the rate at which this saturation is achieved.

Like isotropic component, the evolution of back stress can also be
modelled as a function of plastic strain, as in Armstrong and Frederick
model [55] by Eq. (6),
X =Ce, — yxp, (5)

C
x(ep) = —(1 —e77%)

Py (6)
where C and vy are material constants and p is accumulative plastic
strain.
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Fig. 5. (a) True stress-strain curve of three materials and comparison of cyclic stress—strain test and simulation from parameters: (b) low carbon steel, (c) commercial

aluminum and (d) AA5083.

Chaboche [43] generalized the above by decomposing the back
stress into three components for initial, transient and constant hard-
ening behaviour, as given in Eq. (7).

3
=3,
k=1

where x;, = %(1 — e77%), k = 1-3 defines the individual back stress.

Chaboche's NLK model and its variants are widely used to simulate a
variety of mechanical behavior involving strain path changes. Other
successful approaches include multi-surface model and anisotropic
hardening models. In the present work, Bauschinger effect is modelled
using Chaboche NLK model. Estimated isotropic and kinematic hard-
ening parameters from cyclic data are incorporated as input in FE si-
mulation to consider the effect of non-linear isotropic and kinematic
hardening in CGP process. The material parameters for the simulation
are obtained from experimental test data obtained of stabilized strain-
controlled cycles.

)

4. Results and discussion

The experimental results of tensile tests and cyclic tests are used to
identify the Chaboche model parameters which were subsequently used
to validate the experimental results of CGP using the investigated ma-
terials.

4.1. Mechanical characterization of initial material

The stress—strain curve obtained from monotonic tensile tests per-
formed using all the three materials is shown in Fig. 3. The experi-
mental results were fit using Swift law hardening model (0 =K
(eo + €)™ and are tabulated below (Table 2). The parameters were
used to model the isotropic hardening behaviour during CGP.

The monotonic stress—strain curve shown in Fig. 3 comprises
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isotropic and kinematic components of hardening. When a material pre-
strained in one direction is reverse loaded, the softening can be mod-
elled as backstress. The symmetric portion in a single cyclic curve in-
dicates the isotropic component and the asymmetric component is
twice the backstress. The cyclic stress—strain data for the first 50 cycles
at 1% cyclic strain is shown in Fig. 4. The symmetric isotropic curve can
be obtained by removing the back stress from each cycle and is fit using
an exponential relation, R = Q(1 — e b).

According to Chaboche model, kinematic hardening is decomposed
linearly into three backstress components indicating initial softening,
transient hardening and permanent softening. Each of these back stress
components follow the exponential dependence with plastic strain,
after Eq. (6). The material constants were identified by curve fitting the
experimental data, adapting the procedure detailed in [56] and tabu-
lated in Table 3. The identified constants were able to fit the experi-
mental cyclic data very well, as shown in Fig. 5.

4.2. Experimental results on CGP

During CGP experiments, low carbon steel and commercially pure
aluminium endured five (Fig. 6(a)) and three passes (Fig. 6(b)) re-
spectively following which is failed by fracture. Surface cracks were
observed in penultimate stages of both low carbon steel and commer-
cially pure aluminium. The experiments using AA5083 failed before
completing the first pass (Fig. 6(c)). Therefore AA5083 is not utilized
for further discussion on experimental results. In all the cases, the
surface cracks originate at the corner regions due to large local plastic
strain and propagate parallel to groove orientation in subsequent stages
(Fig. 6(d)). The size of the cracks in low carbon steel after third, fourth
and fifth pass is 35 um, 68 um and 188 pm respectively. Similarly the
cracks in commercial aluminum are 30 pm and 52 pm after second and
third pass respectively. The magnified images of surface cracks of last
pass of each material are shown in the actual image of the processed
sheet as shown in the Fig. 6(a)—(c).
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Fig. 7. Engineering stress—strain curves of as-received low carbon steel sheets
and after fourth pass.

Figs. 7 and 8 represent tensile engineering stress—strain curves of as-
received and CGP processed sheet of low carbon steel and commercial
aluminum respectively. In general, the rolling direction of sheets is
oriented perpendicular to the groove orientation. The CGP pass induces
a waviness along the rolling direction due to the periodicity of the
grooves, which is reflected in the guage length of the tensile specimen.
This introduces local weak spots along the guage length. Many earlier
reports [11,12,31] on CGP analyses the tensile behavior post CGP using
the samples cut perpendicular to the groove orientations that may have
non-uniform thickness in the guage length. To avoid premature
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Fig. 8. Engineering stress—strain curves of as-received commercial aluminum
sheets and after second pass.

localization due to geometric inhomogeneity, it is preferable to test the
samples parallel to the groove direction.” In the present work, tensile
samples were prepared along two orientations, parallel and perpendi-
cular to the grooves. The parallel orientation tensile specimens are
uniformly thick in their guage length. The results of low carbon steel
and aluminium are shown in Figs. 7 and 8.

! Since rolling axis is generally perpendicular to groove orientation, samples
parallel to grooves will be along the transverse direction of sheet.
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CGP increased the strength and decreased the elongation as com-
monly observed earlier [11]. However the shape of the stress—strain
curves are distinctly different from each other. In the case of low carbon
steel, the instability or maximum stress is achieved at around 3% strain
followed by gradual decrease of strength till failure at around 8%. Si-
milarly, the commercially pure aluminium samples maximum stress
occurs at around 3% followed by failure at 6%. The post uniform
elongation behaviour is unique to the material, the rate of strength
decrement in steel is much higher than that observed in aluminium
samples. The post uniform elongation is related to the rate dependent
behavior of the materials, characterized by strain rate sensitivity. FCC
structure in aluminium is less sensitive to rate effects when compared to
steels BCC structure.

In both the cases, the ratio of post-uniform elongation to uniform
elongation has increased considerably when compared to the as-re-
ceived condition. The variation of mechanical properties with the
number of passes is summarized in Figs. 9 and 10. By the end of fourth
pass in low carbon steel, the tensile strength increased from 300 MPa to
576 MPa with the ductility decreasing from 40% to 7.5%. Similarly, the
tensile strength and ductility varied from 148 MPa and 16% to 178 MPa
and 6.4% respectively in commercially pure aluminium. The CGP
process increased the strength by 92% in steel and 20% in aluminium.
The difference could be either due to the mechanical properties or
number of passes or the combination of both. It can be observed from
Figs. 9 and 10 that significant contribution of strength increment is
mainly obtained in the first pass. Therefore, the number of passes does
not contribute appreciably. The observed difference in strength im-
provement between aluminium and low carbon steel is due to poor
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strain hardening capability of commercially pure aluminium, evidenced
by the n value (Table 2).

The rate of increment in strength is significant in the first pass fol-
lowed by gradual decrease till it reaches maximum. The strength
eventually drops beyond a certain number of pass. The observation is in
line with the reported results in literature [57-59]. The noticeable
enhancement in mechanical properties in first pass is attributed to grain
refinement and strain hardening by dislocation strengthening due to
large plastic strain [60]. In the subsequent passes, the dynamic recovery
effect by dislocation annihilation dominates and affects the strength
increment [12]. It has been pointed out [21] that the contribution of
process induced micro-cracks, in addition to dynamic recovery on the
strength reduction at large passes during CGP. Strain hardenability of
CGP processed sheet indicated by the strength increment between
subsequent passes reduces with increase in number of passes. This is
due to the pronounced dislocation multiplication and tangles that re-
duces the average mean path for dislocation movement during strain
hardening [61].

The stress—strain curve of as-received material along rolling and
transverse direction indicates that the initial anisotropy is negligible in
low carbon steel. In the case of aluminium, strength along rolling di-
rection is higher than that along transverse direction (Figs. 9 and 10).
To the reverse, the improvement of strength and reduction of elonga-
tion along parallel (to groove) direction is higher than that along per-
pendicular direction (rolling direction of as-received sheet). This in-
dicates that the reduced strength perpendicular directions is
predominantly due to the process induced geometric and strain in-
homogeneity rather than initial anisotropy.

The variation of microhardness with passes is measured across the
transverse and through thickness direction after CGP processing as il-
lustrated in Fig. 11. The variation with the number of passes (Fig. 12)
exhibits a similar trend with strength, as reported in [62]. The pro-
portional increase of strength with hardness is well established in me-
tals. Since the strength obtained at room temperature using CGP is
related to the dislocation—dislocation interaction, it is possible to relate
the evolution of average dislocation density during CGP process with
the hardness.

Due to the complex state of stress during indentation, the hardness
measured is influenced by both the statistically stored dislocations
(SSD) and the geometrically necessary dislocations (GND). The GNDs
during hardness test are generated due to the strain gradient within the
substructure. Nix and Gao [63], extended the classical Taylor's dis-
location model of flow stress to model the hardness in terms of dis-
locations is given in Eq. (8). Graga et al. [64] validated their model
experimentally using dislocation density measurements from trans-
mission electron microscope (TEM) images.

Using strain gradient plasticity in classical Taylors dislocation

model, hardness is directly proportional to square root of dislocation
density.
HV = 3/3aGb g, 8)
where HV is experimental hardness value, a is empirical coefficient (0.3
is taken for this analysis), G is shear modulus (26 GPa for commercial
aluminum and 80 GPa for low carbon steel), b is Burgers vector
(0.286 nm for aluminum and 0.254 nm for low carbon steel), p, is the
dislocation density of deformed region by hardness indention. p, is the
given by (Eq. (9))
P =P T 0 )]
where p, and p; respectively refer to GND and SSD.

Following [63], expressions for SSD (p;) and GND (p,) from Vicker's
hardness were derived in [65] as given in Egs. (10 and 11).

HV?

A= Sreec?

e (10)
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_ 3J2+/HV cot 8
N RN an
where 0 is Vickers indenter semi-angle (68°) and F is load applied (25 g
for commercial aluminum and 100 g for low carbon steel material).
Fig. 13 shows the variation of dislocation density with the number
of passes which is similar to the trend of hardness. Initially, the amount
of dislocations (SSD and GND) are less in both as received materials.
The rate of dislocation generation is high during the first pass and
gradually decrease in the subsequent passes. It also shows that the rate
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Fig. 13. Variation of statically stored dislocation (SSD) density and geome-
trically necessary dislocation (GND) density with pass number in low carbon
steel and commercial aluminum.

of dislocation generation in low carbon steel is more compared to
commercial aluminum. Fig. 14 illustrates the ratio of SSD and GND with
the number of passes in two materials. SSD/GND ratio is a measure of
strain gradient present within the material. The ratio of aluminum is
always higher than low carbon steel, indicating strong strain gradient in
the former. The number of passes to failure is less in aluminium due to
the localization caused by strong strain gradient. It is also observed that
the first pass witnessed a steep change in the SSD/GND in low carbon
steel when compared to aluminium. The change in the ratio is not
significant in the subsequent passes. This indicates that the
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Table 4

Parameters incorporated in benchmark simulations.
Input parameter Copper Nickel Aluminum
Sheet size (mm X mm) 80 x5 30 x 2 130 x 5
Friction coefficient 0.1 0.1 0
Number of elements 1600 960 2600

multiplication of SSD is primarily in the first pass. High GND in alu-
minium obstruct the multiplication of SSD leading to less increment in
strength.

The hardness distribution along transverse and through thickness
direction on different passes of both materials are shown in Fig. 12.
Using Eq. (12), inhomogeneity factor (IF) is used to quantify the non-
uniformity in hardness distribution.

VI G~ HogP /= 1)

Inhomogeneity factor (IF) =
Havg

100
a2)

where H; is hardness value at i-th point, H,,, is average hardness value,
and n is number of measurements in single sample.

Larger IF value indicates more inhomogeneity in material proper-
ties. Fig. 15 shows that IF value increases in first two passes and it is
either consistent or decreases slightly in remaining passes. IF is more in
commercial aluminum compared to low carbon steel material. It is in-
teresting to note that SSD/GND ratio correlates with the above
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discussion on IF. It can be directly concluded that the inhomogeneity is
related to the accumulation of GND in the material, which retards the
strain hardening capability leading to localization and failure.
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4.3. Validation of finite element model

Finite element model and simulations were performed following the
description in Section 3. To evaluate the finite element model including
mesh, constraints and boundary conditions, simulations were initially
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performed to benchmark the results against that published earlier. The
simulation results on copper by [20], nickel by [31] and aluminum by
[30] were chosen for the study. The simulations were repeated using
the material properties, constraints and boundary conditions defined in
the respective literature. The sheet (Table 4) was meshed using element
size of 0.25mm X 0.25mm by CPE4R (A 4-node bilinear plane strain
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Table 5
Average equivalent strain values in transverse directions for low carbon steel,
commercial aluminum and AA5083 after first pass.

Material Low carbon steel Commercial aluminum AA5083
Top layer 1.09 1.07 1.02
Middle layer 1.22 1.21 1.18
Bottom layer 1.11 1.10 1.06

Table 6
Average equivalent strain values in through thickness direction for low carbon
steel, commercial aluminum and AA5083 after first pass.

Material Low carbon steel Commercial aluminum AA5083
Flat region 1.31 1.28 1.38
Corner region 0.97 0.97 0.92
Slant region 1.28 1.28 1.2

quadrilateral, reduced integration, hourglass control) element type. All
the cases involve only isotropic hardening on following literature.

The equivalent strain predicted in the present work using the data
from literature is compared with the results published, as shown in
Fig. 16. A good correlation is obtained between the present work and
the results in literature. Therefore, the finite element model is con-
sidered valid for performing simulations in low carbon steel and Alu-
minium. In the present work, both isotropic and combined hardening
are considered for simulation.

Equivalent strain distributions of repeated simulations in this study
and available simulations in the literature are compared and validated
using isotropic hardening model. Using the same techniques, isotropic
and combined (isotropic and kinematic) hardening model were im-
plemented on low carbon steel, commercial aluminum and AA5083
materials in the current study.

Die geometry with sheet from literature was simulated using re-
spective three material properties (stress—strain curve) up to one pass of
CGP process.

4.4. Strain distributions using isotropic hardening model

Fig. 17 shows the contour of equivalent plastic strain and plastic
shear strain distributions of CGP process of low carbon steel. It is ob-
served that equivalent plastic strain and plastic shear strain contours
are similar to each other in the first stage. Further analysis is on the
basis of equivalent plastic strain instead of plastic shear strain due to
reverse strain path and additional deformation of bending and
stretching. Strain distribution contours of the three materials are si-
milar. The equivalent plastic strain distributions along the transverse
and through thickness direction for low carbon steel material after the
fourth stage are shown in Figs. 19 and 20. The strain distribution is non-
homogeneous along the transverse and through thickness direction. The
non-homogeneity along the transverse direction is evident from Fig. 19
where the variation of equivalent strain in three sections, top, middle
and bottom layers parallel to the transverse direction is shown. In ad-
dition to that, the geometric die features also introduces in-
homogeneity. The through thickness variation in selected regions such
as corner, flat and slant region in Fig. 20 quantifies the inhomogeneity.
Fig. 18 represents the different regions after fourth stage of CGP process
simulation of low carbon steel. Unlike the theoretical estimate of 1.16
uniform plastic strain distribution at the end of one pass, non-uniform
strain distribution is observed throughout the sheet. As mentioned
earlier, inhomogeneous strain distribution result in non-uniform grain
refinement. All transverse and through thickness layers demonstrate the
variation of equivalent plastic strain after first pass. Only the results of
low carbon steel is shown, although similar behaviour was observed in
other materials. The strain distribution in middle layer varies
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Fig. 21. Comparison of strain distribution in transverse direction of (a) low
carbon steel, (b) commercial aluminum and (c) AA5083 materials using iso-
tropic and combined hardening model after first pass.

harmonically and almost symmetrically distributed after each groove.
Fig. 20 shows that the strain at the center of flat and slant regions are
more compared to corner regions (interface of flat and slant regions)
and decrease toward sheet surface and corner interface. This is due to
the additional bending at the corner regions [20]. The center of slant
region is subjected to large shear deformation. A similar trend of ef-
fective strain distribution in finite element simulation of CGP process is
also observed in [30].
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Table 7
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Comparison of maximum equivalent strain, average equivalent strain and inhomogeneity factor values from simulation after first pass using isotropic and combined

hardening models.

Material Isotropic hardening

Combined hardening

Maximum equivalent
strain

Average equivalent
strain

Inhomogeneity factor

Maximum equivalent
strain

Average equivalent
strain

Inhomogeneity factor

23.4 1.80 1.21 29.2
23.7 1.75 1.18 28.7
24.7 1.73 1.15 28.0

Low carbon steel 1.64 1.22
Commercial aluminum 1.62 1.21
AA5083 1.70 1.18
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Fig. 22. Comparison of strain distribution in transverse direction with hardness
of (a) low carbon steel and (b) commercial aluminum using isotropic and
combined hardening model after first pass.

This strain inhomogeneity leads to non-uniform distribution of
strength and hardness [66].

Tables 5 and 6 show the average values of effective plastic strain
along different layers in transverse and through thickness directions. It
is observed that average plastic strain values at top and bottom layers
are less compared to middle layer of the sheet in all the three materials.
The average values from three horizontal layers for commercial alu-
minum, low carbon steel and AA5083 are 1.14, 1.13 and 1.09 respec-
tively. Average values are quite close to 1.16 (theoretical calculated
value). Similarly, flat and slant regions show high average plastic strain
values compared to corner regions in through thickness direction of all
three materials.
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4.5. Finite element simulation using combined hardening model

The loading of first stage of the first pass is proportional and the
isotropic hardening assumption is valid. As discussed, consideration of
Bauschinger effect assumes importance beyond second stage. Fig. 21
compares the equivalent strain distribution of the three materials con-
sidered in the present work assuming isotropic and combined hardening
behaviour. Table 7 compares values of maximum equivalent strain,
average equivalent strain and inhomogeneity factor of strain distribu-
tion from simulations using isotropic and combined hardening model.
The maximum equivalent strain values are estimated by averaging the
four peak strain values in each material. The maximum equivalent
strain and strain inhomogeneity factor are distinctly higher when
combined hardening models are assumed. The trend of hardness dis-
tribution in the plane of the sheet can be correlated with the equivalent
strain [30]. Since the trend of both isotropic and combined hardening
are similar, no specific conclusions can be drawn from this comparison
(Fig. 22) except slight difference in strain at slant and corner regions.
Strains are distinctly higher at the slant regions and lower at the corner
regions when using combine hardening model for simulation. Shear and
reverse shear deformation in successive stages leads to higher strain at
the slant region. Similarly, corner region shows lower strain because it
involves additional bending instead of pure shear deformation
(Fig. 6(d)). Since the maximum strain can be correlated with the strain
localization leading to failure, the improved prediction considering
Bauschinger effect is expected to correlate well with the experimental
failure.

Similar to the IF (Eq. (12)), a strain based inhomogeneity factor can
be described as

I, (S = Sag)(n = 1)

Inhomogeneity factor (IF) = X 100

Savg (13)

where S; is equivalent strain at i-th point, S, is average equivalent
strain value, and n is number of measurements in single sample.

This strain based IF as given in Eq. (13) is used to quantify the non-
uniformity in strain distribution. Inhomogeneity of strain distribution
in three materials of combined hardening model is higher than the
isotropic hardening model. As indicated earlier, inhomogeneity of
strain distribution results in non-uniformity of ultrafine grains and
mechanical properties. Combined hardening model predicts higher in-
homogeneity and non-uniformity of grain distribution than the iso-
tropic hardening model. Further studies are planned in future to cor-
relate the micro structure evolution during CGP stages to verify the
accuracy of hardening models.

5. Conclusions
Constrained groove pressing of low carbon steel, commercial alu-
minum and AA5083 alloy was investigated using experimental and

numerical techniques. The specific findings are summarized as follows:

1 Low carbon steel and commercial aluminum materials were suc-
cessfully processed for five passes (plastic strain 5.8) and three
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passes with (plastic strain 3.48) respectively. The strength incre-
ment is related to the strain hardening capability of the material.
Despite high n value, AA5083 alloy failed in the first pass and it
possibly could be due to the solute-dislocation interaction in the
alloy with lesser stacking fault energy.

The ratio of statistically stored dislocation (SSD) with geometrically
necessary dislocations (GND) correlates well with the in-
homogeneity factor estimated from hardness. Based on the trend, it
is inferred that the sluggish increment in strength in aluminium
during CGP is due to high value of SSD/GND.

Finite element simulation of CGP was validated with the results in
literature. Most of the existing studies assume isotropic hardening
that cannot account for the Bauschinger effect in CGP. The present
work compared the predictions using isotropic hardening and
combined isotropic-kinematic hardening. The peak strain and strain
based inhomogeneity factor predicted assuming combined hard-
ening models were higher than that of isotropic hardening.
Strength and hardness increased with increase in number of passes.
Strength of the sheet improved by 92% in low carbon steel after
fourth pass and 20% in commercial aluminum after second pass. The
tensile strength, yield strength and elongation in parallel to grooves
are higher than that along perpendicular direction. Inhomogeneity
in hardness distribution is observed in the processed sheet along
transverse and through thickness directions due to non-uniform
distribution of strain.
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