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Abstract. Constrained groove pressing (CGP) isa modern process for the formation of ultrafine grain
in metallic sheets with high mechanical properties. During CGP, the sheet metal are subjected to
repetitive corrugating and straightening under the plane strain deformation condition by utilizing
alternate pressing with the asymmetrically grooved dies and flat dies. This leads to an increase in
the degree of plastic strain of the sheet metal without changing its original dimensions. CGP can
effectively refine the grain structure to a sub-micron level. Materials processed by CGP have a very
high strength, high hardness and many other required properties. This review focuses mainly on
CGP process technology, especially the number of passes, as well as the study of microstructure
changes. Most of the scientific results were obtained experimentally.
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HANPAXEHHOE TO®PUPOBAHUE
NMPECCOBAHUEM AJINFOMUHUEBBIX CIJIABOB - Ob30P

Annomauus. ToppupoBaHue B HampsikeHHOM cocTosiHuM npeccoBanueM (HI'TI) — aTo coBpe-
MEHHBII MPOIIECC PACTITUBAHUS CBEPXMEITKUX 3€PEH B JIMCTOBBIX METAUTMYECKUX CTPYKTYpax
IUTS TIOJTy4YeHus Xopouux cBoicTB matepuaios. [Tpu HI'TI obOpasen suctoBoro merania Mmoj-
BepraeTcsl MUKINIeCKOMY pUMICHUIO U BEITIPSIMIICHUIO B YCJIOBUSX TNIOCKOM nehopMaliny Ipu
TMTOMOIIIY TTOOYEPETHOTO 00XKATHS MEXIY IMapaMM Ipecc-hopM — ¢ aCCUMETPUIHBIMU Ma3aMU 1
IUIOCKMMM TJTACTUHAMU. DTO MPUBOAMUT K YBEJIMUYECHMIO TUIACTUYECKOU nedopmaliud B odopas-
1Ie JMUCTOBOIO MeTajia 0e3 M3MEHEeHHUs ero MepBoHavaabHbIX pasmepoB. HI'TI crioco6Ho 3Ha-
YUTEJbHO U3MEBbYUTh 3€PHUCTYIO CTPYKTYPY IO CYOMUKPOHHOTO YPOBHs. MaTepuaibl, MoJTy-
yeHHBIe MocpencTBoM HI'TI, obmamatoT KpaifHe BRICOKMMH 3HAYCHUSIMH IIPOYHOCTH, BEICOKOM
TBEPAOCTHIO I MHOTUMM JIPYTUMU ITOJIC3HBIMU CBOMCTBAaMU. JlaHHBIN 0030p, B OCHOBHOM, CO-
cpenotoueH Ha npouecce HI'TI 1 MUKPOCTPYKTYpHBIX MU3MEHEHUSIX OTHOCUTEIBHO YKCIa 00XKa-
tuii mpu HI'TI. BoAbIIMHCTBO HAyYHBIX Pe3YIBTATOB ObLIO MOJIYYE€HO Ha MpaKTUKE.

Karouesoie crosa: TobprpoBaHre B HAIPSDKEHHOM cocTosTHUY npeccoBanmeM (HI'TT), Mukpo-
CTPYKTYpHBIC U3MEHEHHUSI, MEXaHUIECKHE CBOMCTBA.
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Introduction. Upgrading the mechanical properties of metals and their alloys has drawn increasing
interest from materials scientists over several decades to respond to the growing demand from such areas
as automotive, aerospace and military industries. Manufacturing metals and their alloys with ultra-fine
grain (UFG) structures is one of the approaches used to enhance mechanical properties and increase the
strength-to-weight ratio, which will again enable the material weight required for a certain strength value
in an application to be reduced. This property is highly significant, mainly in the transportation system
industry, where the reduction in fuel consumption and the resulting pollution both are prioritized. Two
methods are used to produce UFG materials: bottom-up and top-down approaches. The bottom-up ap-
proach is not suitable for industrial manufacturing as this process gives a porous structure, while the top-
down approach will give a bulk structure material that could be widely used in many applications. Severe
plastic deformation (SPD) is a very effective technique to manufacture UFG materials via the top-down
approach [1].

Several methods of SPD have been introduced in last decades for bulk as well as sheet metal deforma-
tion to enhance the mechanical properties of metallic materials by producing UFG structures. Accumu-
lative roll bonding (ARB), asymmetric rolling (ASR), cryorolling, repetitive corrugation and straightening
(RCS), constrained groove rolling (CGR) and constrained groove pressing (CGP) are used to manufacture
sheet-shaped materials [2]. Among these methods, CGP is the most versatile method for manufacturing
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Fig. 1. Schematic of constrained groove pressing (CGP)
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Fig. 2. Repetitive corrugating and straightening (a), and constrained groove pressing (b)

of sheet metals with a UFG structure and that is why it has outstanding, unique and desirable properties.
Constrained groove pressing (CGP) is a promising route to produce the UFG structure without changing
the overall dimensions of the samples. The authors in [3] initially developed a constrained groove pressing
technique in which a sheetmetal is subjected to repetitive shear deformation under plane strain condition.
The schematic illustration of the CGP process is presented in Fig. 1.

In the CGP process, a blank is subjected to repetitive shear deformation by deforming the specimen al-
ternately between asymmetrically aligned grooving and flattening dies under plane strain condition. Each
pass consists of four stages, two in a grooving die and two in a straightening die. In this technique, the gap
between the upper die and the lower die is identical to the sample thickness, and therefore, during the
grooving operation, the inclined part located in the groove is subjected to pure shear deformation with an
effective plastic strain of 0.58 [4]. In the straightening operation, the deformed regions are subjected to a
reverse shear deformation resulting in another effective strain of 0.58 in the reverse direction, causing a
total effective strain of 1.16 in the deformed regions [5]. After the second stage, the specimen is rotated
by 180° around the axis perpendicular to the sheet plane, as shown in Fig. 1. This allows the undeformed
regions to be deformed by further pressing due to the asymmetry of the grooved die, and finally, after the
second straightening step, an overall uniform strain of 1.16 is imposed throughout the specimen [6].

Advantages of CGP:

* More homogeneous strain distribution without changing the dimensions of the sample.

* The CGP process is not limited to specific materials and can be used for microstructural refinement
in a wide range of metallic materials.

» Fabrication of dies is very simple when compared to some other SPD processes like ECAP.

Limitations of CGP:
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+ It is a highly discontinuous process owing to a number of stages required for corrugating and flat-
tening.

» The maximum strain that can be achieved by this process is less than other SPD processes.

In the CGP process, the gap between the upper die and the lower die is equal to the thickness of the
material resulting in pure shear deformation in the inclined groove region. In CGP, it is possible to impart
a larger plastic strain compared to other SPD techniques in sheet metal processing. CGP is almost equiva-
lent to the process of repetitive corrugating and straightening (RCS) except that the material is constrained
from expanding laterally in all directions, leading to better homogeneity of material properties. Fig. 2
shows the schematic difference between RCS and CGP.

Microstructural Changes

Constrained groove pressing is one of the severe plastic deformation routes, which refines the grain
size of the sheet materials to the sub-micrometer range that can even extend up to the nanometre range.
The microstructural refinement that takes place during the CGP process is an important phenomenon to
understand the mechanical behaviour of sheet materials. Zrnik et al. [7] investigated the CGP of a com-
mercially pure Al plate. The microstructures obtained from the transmission electron microscopy (TEM)
analysis are shown in Fig. 3. The microstructure after the first pressing revealed elongated grains with a
banded structure (Fig. 3a). Polygonized subgrains with dislocation cells were found within the banded mi-
crostructure, and it was due to local adiabatic heat generated at shear deformation. The authors observed
that the microstructure after four passes was similar to that of the first pass (Fig. 3b), which is due to the dy-
namic recovery and polygonization in the deformed structure. The study also revealed equiaxed subgrains
with an average grain size of 1um after four successive passes (Fig. 3c).

Variation of grain size with respect to CGP pass number for different metals and alloys reported by dif-
ferent researchers [§—10] is shown in Fig. 4. Significant grain refinement was observed after the first pass in
all the materials, which is similar to other SPD processes [11]. After the first pass, further grain refinement
became insignificant at higher strain due to dislocation annihilation through dynamic recovery. Khakbaz
and Kazeminezhad [12] showed that it is possible to produce ultrafine-grained sheets by using the CGP
technique and studied its effect on mechanical properties. They observed that, after a sudden drop in grain
size through first and second passes, the grain refinement became insignificant after the third pass, and the
grain size was approximately constant after the fourth pass with a steady-state microstructure. The rate of
refinement was reduced due to dynamic recovery.

This trend is consistent with observations in other SPD processes, such as ECAP [13] and ARB [14]
carried out on an Al-Mn alloy. Yadav et al. [15] systematically studied the microstructural inhomogeneity
in a Cu-Zn alloy sheet deformed by CGP. They showed that the non-uniformity in the microstructure
and mechanical properties is mainly due to the strain inhomogeneity generated in the CGP sample. The
additional bending strain generated at the intersection of the two grooves was the prime cause of the inho-
mogeneous microstructure in the CGP sample. The microstructure analysed by EBSD for one pass of the
CGP sample is shown in Fig. 5. A larger number of fine grains have been observed in the sample after the
first pass compared to the initial sample.

The initial microstructure (Fig. 5a) was homogeneous throughout the sample, while there was a drastic
change in the microstructure after the first pass (Fig. 5b). It clearly showed that regions with finer grains
deformed more than the other regions.

Lee and Park[16] observed that a single pressing in CGP of pure Al resulted in the formation of a
heterogeneous microstructure consisting of equiaxed grains and elongated subgrains or dislocation cells.
Though the cell refinement after the first pressing was insignificant, the microstructure became relatively
homogeneous after two pressings with equiaxed cells of 0.5 um.

It was also observed that the grain refinement continued up to six pressings but the grain size after the
sixth pressing was only slightly smaller than that after two pressings. This is consistent with the fact that
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Fig. 3. TEM images of pure aluminium deformed by CGP after first pressing (a), first pass (b), and four passes (c) [7]
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Fig. 4.Variation of grain size with CGP pass number for different materials
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Fig. 5. Microstructure of CGP processed Cu-Zn alloy: initial sample (a) and after first pass (b) [15]
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Fig. 6. Optical microstructure of AlI-Mn-Si alloy in different conditions: two-pass CGP (a),
annealed at 150 °C (b), annealed at 250 °C (c¢), and annealed at 350 °C (d) [17]

Fig. 7. TEM micrographs of pure aluminium after (a) four CGP passes and (b) annealing at 150 °C [18]

grain refinement gets saturated with the increase in strain.After a few passes, the microstructure consisted
of dislocation-free polygonised grains with clear grain boundaries, but the grain size increased to 0.8 um,
which was higher than the grain size after six pressings. Some researchers investigated the effect of post
deformation annealing on CGP processed sheets. Fig. 6 shows the optical microstructures of an Al-Mn-Si
alloy after two passes of CGP and subsequent annealing at different temperatures [17]. The microstructure
after two passes of CGP showed a wavy structure with the accumulation of dislocations due to grooving die
geometry and heavy deformation (Fig. 6a).

Annealing after two passes of CGP allowed the restoration phenomena by releasing stored energy and
residual stress. The microstructures after annealing at 150 °C, 250 °C, and 350 °C did not show any major
difference. However, thermal recrystallization and possible grain growth were observed after 350 °C. Sim-
ilarly, Krishnaiah et al. [18] studied CGP of pure Al. They annealed the CGP sample deformed up to four
passes at 150 °C and observed that the loss of dislocations resulted in the formation of distinct contrast sub-
grains structure, as shown in Fig. 7. However, no drastic change in grain size was observed after annealing
compared to the deformed condition.

Mechanical Properties

Understanding the mechanical properties of sheet metals subjected to the CGP process such as
strength, ductility, and toughness is important for the sheet metal forming applications. Many research-
ers investigated the effect of the CGP process on the strength and ductility of different alloys. It is
reported that the sheet metals subjected to CGP have superior strength when compared to the initial
condition of the sample [2]. The trend in the variation of strength with respect to the number of CGP
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Fig. 8. Variation of yield strength and ductility with CGP pass for different materials [15, 19, 20]

passes is different for different materials. However, strength increases for the initial number of passes
(generally two) and then decreases or saturates in the further passes. Fig. 8 shows the variation of me-
chanical properties (yield strength and ductility) with CGP pass numbers for different materials [15, 19,
20]. It can be observed from Fig. 8 that the trends of yield strength variation in pure Al and Cu-Zn alloy
are similar in which the strength increased after the first pass and then decreased during further passes,
while in the case of AA 3003 alloy, the strength increased after the first pass and then saturated during
second and third passes. Kumar et al. [21] reported similar results in a pure nickel sheet, where marginal
strength drop was observed after three passes of CGP along with slight improvement in strain hardening
ability and uniform elongation.

It was also found that the role of grain size in strength improvement was more than that of dislocation
density because three passes of CGP were found to be enough to obtain good mechanical properties
through grain refinement. Krishnaiah et al. [18] deformed pure aluminum by CGP at room and cryo-
genic temperatures. They observed that the ultimate tensile strength (UTS) increased from 79 MPa to
96 MPa after two passes of CGP at cryogenic temperature, which was reasonably higher than at room
temperature deformation in which UTS was observed around 85 MPa after two passes. The higher im-
provement in strength was mainly due to the suppression of dynamic recovery at cryogenic temperature.
The tensile properties of pure Al deformed after CGP at cryogenic temperature were similar to the prop-
erties of cryorolled AA 5083 alloy reported previously [22].

Peng et al. [23] deformed H62 brass sample using CGP under partially and fully constrained con-
ditions. The study reported that a partially constrained CGP process reduces the equivalent strain by
40% when compared to the fully constrained condition. However, more deformation occurred in the
interior of the CGP sample than the surface region under a fully constrained condition. Khodabakhshi
et al. [24] studied the CGP of low carbon steel and concluded that after one pass, inhomogeneity in
the sample increased compared to the initial material. In general, the CGP sample exhibits an uneven
surface even after repetitive flattening. The surface unevenness is mainly due to repetitive grooving, and
hence groove marks are developed on the CGP sample with a rough surface. It is difficult to characterize
the mechanical properties and formability of CGP samples due to uneven surface, and it also makes the
sheet subjected to CGP unsuitable for subsequent forming applications. In addition to this, CGP leads
to non-uniformity in mechanical properties due to strain inhomogeneity and microstructural inhomo-
geneity.Recently, Kumar et al. [25] studied the inhomogeneity factor (IF) of low carbon steel and com-
mercial aluminum materials deformed by CGP. The inhomogeneity factor is used to quantify non-uni-
formity in hardness distribution. They observed that IF value is more in commercial aluminum than
low carbon steel and showed that more inhomogeneity in the properties of the commercial aluminum.
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Fig. 9. Eight stages of CGP-CR process for one pass

In the initial two CGP passes, IF value increased, and then it is either consistent or slightly decreased
in the remaining passes. In this work, tensile properties were also studied in two different directions by
testing samplesparallel and perpendicular to the groove. It was observed that strength and elongation of
the CGP samples were higher in parallel to the groove than in perpendicular toit.

Khodabakhshi et al. [26] proposed a modified route of constrained groove pressing to improve the
homogeneity of the deformed sheets. The proposed route was called constrained groove pressing — cross
route (CGP-CR) in which the sheet sample should have a square cross-section, and each pass consists
of eight stages — four corrugating and four straightening. Fig. 9 shows the eight stages of the proposed
CGP-CR process for one pass. Initially, in the first two stages (Fig. 9a and b), sheet was subjected to
grooving and flattening such that the rolling direction of the sample was perpendicular to the groove di-
rection. After two stages, the sheet sample was rotated by 180° around the axis perpendicular to its plane.
Now the rolling direction was again perpendicular to the groove but in the opposite direction. In stage
IIT (Fig. 9¢) and stage IV (Fig. 9d), the sheet sample was again deformed using grooving and flattening
dies, respectively.Until now, the process is similar to the conventional CGP process. After stage IV, the
sheet was rotated by 90° such that the rolling direction was parallel to the groove direction and again the
four stages were repeated.

These eight stages complete one pass in the CGP-CR process. The major advantage of this process
is a high magnitude of plastic strain of about 2.32 imparted in one pass, which is two times higher than
that of the conventional CGP process. Peng et al. [9] studied the effect of equivalent strain on the me-
chanical properties of a brass sheet subjected to multi-pass CGP. The non-uniform distribution of the
equivalent strain caused non-uniform distribution of grain size and hardness. The surface region where
high equivalent strains were present had finer grains and higher hardness than the interior.

Kumar Gupta et al. [2] have done an extensive review of CGP and explained all the parameters
influencing the mechanical properties and microstructure of CGP processed materials. In the CGP
process, the interface distance between the grooves and groove width should be equal. Therefore, in the
grooving stage, sheet metal is subjected to pure shear deformation [27]. Groove width was equal to the
sheet thickness in all the investigations, but the groove angle was different. However, the groove angle of
45° was used in most of the studies. Groove angle is an important parameter that purely depends on the
material type. Borhani and Djavanroodi [28] studied the influence of groove angle on the mechanical
properties and microstructure of commercially pure aluminum processed by rubber pad-CGP. CGP
experiments were carried out using two different dies- one with a groove angle of 45° and another with
a groove angle of 50°. CGP dies with 50° angle were more effective in terms of grain refinement and
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enhanced strength and hardness. The grain size observed after six passes using a 45° angle and after four
passes, using a 50° angle was 842 nm and 833 nm, respectively. Similarly, Sajadi et al. [29] also observed
that dies with a smaller groove angle enabled more number of passes. They used two dies with groove
angles of 53° and 45° and observed that the die with 450 groove angle allowed four passes while the 53°
groove angle die allowed only three passes.

Conclusion

CGP is a severe plastic deformation (SPD) strengthening technique used for sheet metals. It is pos-
sible to produce ultrafine-grained sheets by using the CGP technique and its mechanical properties
will improves. The sheet metals subjected to CGP have superior strength when compared to the initial
condition of the sample. Strength increases for the initial number of passes (generally two) and then
decreases or saturates in the further passes.

M238 steel alloy was selected for manufacturing the upper and lower installation plates and die hold-
ers, while K110 steel alloy was selected for manufacturing the upper and lower flat and corrugated dies.
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