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Abstract

In this study, a novel severe plastic deformation method, named as thin-walled open channel angular pressing (TWO-CAP), was
developed and applied to AZ31 magnesium alloy beams in U-type cross-sectional shape. First of all, the principles of the method
with all parameters were determined, and the analytical model of the system was generated, and then the study was supported
with the numerical analysis. Then, a proper experimental setup was established by considering theoretic outputs. After that, AZ31
magnesium alloy specimens were machined from bulk material in U-type shape as to fit the die channel, and then these specimens
were annealed and pressed along the TWO-CAP die. Following the experimental studies, the specimens were tested in order to
define the changes in mechanical and microstructural properties. In this stage, the tension test and hardness test were applied to
determine the mechanical properties, while optical microscope, scanning electron microscope, energy dispersive spectrometry,
X-ray diffraction, and transmission electron microscope analyses were applied to see the changes in microstructure. As a result,
an improvement on strength, hardness, and toughness was observed depending on the changes on the microstructure and grain

refinement due to the large plastic deformation.
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1 Introduction

Severe plastic deformation (SPD) methods gained importance in
recent years due to the efficiency in the production of
nanomaterials. By the effect of the high stress, ultrafine-grained
(UFG) materials can be produced that these materials show high
strength to deformation with orientation, precipitation, and dislo-
cations on the internal structure [1]. The most well-known
methods of the SPD can be listed as equal-channel angular press-
ing (ECAP) [2, 3], high-pressure torsion (HPT) [4], repetitive
corrugation and straightening (RCS) [5], accumulative roll bond-
ing (ARB) [6], cyclic extrusion compression (CEC) [7],
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multidirectional forging (MDF) [8], tubular channel angular
pressing (TCAP) or tube channel pressing (TCP) [9, 10], and
twist extrusion (TE) [11]. When the methods are extensively
investigated, it is seen that all of these are applied to bulk, plate,
wire, and tubular materials. After the extensive literature review,
it was observed that there is no study about the application of
SPD on thin-walled open (TWO) section beams in literature [12].
These beams are commonly used in most section of the industry
and structure of several machines; it is believed that doing this
study will be useful to researchers in these fields. By this way, the
total weight of the beam on the machines will be decreased while
their strength is increasing. These materials are named as
strength-to-weight ratio efficient materials; that property is vitally
important especially for aerospace and automotive industries [13,
14].

In this study, it is aimed to develop an SPD method for TWO
cross-section beams, and specimen geometry was chosen as a U-
profile beam. By the help of hydrostatic pressure, the U-profile
specimen will pass along a linear channel (z-axis) with angular
expansion in first pressing and narrowing in second pressing on
the cross-section dimension (x-y plane) [15].

The analytical formula was derived for the new method to
calculate the equivalent strain which occurs on materials due
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Fig. 1 3D-CAD model of TWO- (a)
CAP dies and specimen (a),
original photo of dies and
specimen (b), die channel angular
section (c), TWO-CAP die
parameters (d)

Top Die (narrow)
/ Bottom Die (famale)

Nonom Die (male)
Top Die (wide)

to large plastic deformation [16]. Moreover, a numerical mod-
el of the TWO-CAP system was generated, and finite element
analysis (FEA) was performed, so the obtained results were
compared with the analytical calculations and experimental
results. On the other hand, the microstructural improvements
on the specimens were investigated by using an optical micro-
scope (OM), scanning electron microscope (SEM), and ener-
gy dispersive spectrometry (EDS) method and, in order to
determine the characteristic properties, by the help of the X-
ray diffraction (XRD) measurements and transmission elec-
tron microscope (TEM) analyses. Lastly, the tensile test and
hardness tests were performed on these specimens to deter-
mine the effect of the TWO-CAP process on the mechanical
properties of the material.

2 Material and method
As a methodology, the analytical calculation of the TWO-CAP
method was done in the first step by deriving the equivalent strain

equation. Then, a simulation study was performed for TWO-
CAP method; the system was modeled and numerically analyzed

@ Springer

Unpressed specimen

Pressed specimen

First press (widening) (d)

_n=o
-2
L2=L1+2t

Second press (narrowing)

by a finite element method (FEM) software. At this point, the
increase in effective strain can be correlated with the increase of
the hardness and strength in the experimentally pressed specimen
[16]. The validation study was done for TWO-CAP method by
comparing the analytical and numerical outputs with the experi-
mental results. As specimen material, AZ31 magnesium alloy
was decided due to its popularity with low mass density, super
plasticity, and excellent mechanical properties [17, 18].
Improving these properties can make the alloy as a powerful
alternative to the other metals in numerous fields. Therefore,
the new developed TWO-CAP method was performed in exper-
imental studies in order to increase the mechanical properties of
the material by minimizing its grain size under the submicron
levels (production of ultrafine grain material). During the TWO-
CAP process, all of the specimens were firstly annealed in
450 °C along 3.5 h; then the specimens were pressed up to 4
passes along the channel of the die in approximately 300 °C.
After this stage, the specimens were prepared for metallographic
and characterization analyses by abrasive cutting, grinding,
polishing, and etching processes. Then the microstructural imag-
ing was performed by using the OM and SEM device while the
elemental and structural analysis was performing EDS, XRD,
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and TEM instrumentations. Also, tension test specimens were
precisely prepared by the help of the EDM (wire erosion) method
and tested based on the dimensions specified in ASTM ES8 sub-
size standard. Lastly, in order to define the effect of the pass
number on hardness property, Vickers (HV) test method was
applied to the specimens.

2.1 Analytical calculation

The analytical formula of the TWO-CAP method for the
equivalent strain can be derived by using the von Mises equa-
tion [16, 19] and the geometrical parameters of Fig. 1.
e A
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For this study, N is pass number, &, =,,=",.=0, while
the channel angle @ is 150° and corner angle v is 0°. In Eq. 3,
the first part represents the generated shear strain (v,,), while
the second part is principal strains in the x-y plane. In here,
e, = In(L,/L,) is the lateral strain, while €, = In (H,/H)) is the
longitudinal strain, and their absolute values are equals to each
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other. The wall thickness remains constant during pressing
operations, so the strain in the y-axis (¢,) equals to zero.
This state verifies the conservation of the volume theory in
plastic deformation (e, + ¢, +¢,=0). As a comparison, the
obtained equivalent strain value by applying the TWO-CAP
process is higher than the classical ECAP process due to the
effect of the principal strains [16].

2.2 Numerical study

TWO-CAP die is composed of four parts: two parts (male—fe-
male) bottom die and two punches (top die) in which one of them
is narrow and the other one is wide (Fig. 1). The bottom die has
two channels along the same direction with equal channel thick-
ness of 3 mm, and they are connected at the center with 150°
channel angles. The U-type specimen also has dimensions of
100 mm in height and 30 mm in length at web and 15 mm in
length at flanges with 3 mm at wall thickness. The expansion and
narrowing occur at both of the flanges and web section of the
specimen along with pressing. Due to the two-axis tension and
compression, maximum strain occurs at the corner of the U-type
specimen that is an occasion of the fact that the more strain
means, the more hardness and strength at the critical areas.

At the below (Fig. 1a,b), all part of the TWO-CAP method is
schematically presented together with the CAD model and orig-
inal images. The unpressed and pressed specimens are also
shown between the dies as a comparison first and final shapes.
In Fig. 1c, the channel angular passing (CAP) section is illustrat-
ed by the help of the CAD model; shown here is the expansion
and narrowing operation of the specimen that is in U-profile
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Fig.2 Numerical analysis results, strain distribution: (a) while specimen pressing with dies (b) inner-section plane of the web, (c) cross-section plane ,(d)
load versus step (time) graph, (e) effective stress distribution, (f) damage distribution on the specimen
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Fig. 3 Microstructure images of AZ31-magnesium alloy from annealed to 4 passes: OM images, 500x of the inner surface and grain size distribution
graphs (left column); SEM images, 3000x (middle column); and SEM fractography, 1000x after the tensile test (right column)

shape without any changes on the wall thickness. Fig. 1d also
displays the die parameters of the TWO-CAP, where channel
angle is @= 150°, comer (or curvature) angle is = 0°, and
refraction angle (it is a dependent parameter that is formulated
in Fig. 1d to preserve the wall thickness) is = 15°. Also, initial

@ Springer

web length is L; = 30 mm, and half-pass web lengthis L, =L; +
2 t=36 mm. Lastly, the friction coefficient between the dies and
workpiece was taken 0.08 because it is the value of the solid
lubricant under the press-fit test; it was used in the experimental
application of TWO-CAP.
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Fig. 4 EDS mapping and
elemental analysis of annealed
AZ31 alloy

2.3 Experimental study

Experimental studies can be classified in three stages,
the first one is the preparation of specimen and anneal-
ing, the second one is the pressing operation with
TWO-CAP die, and lastly, testing of the specimen taken
from the pressed material.

The specimens were manufactured by electro-discharge ma-
chining (EDM) operation from bulk material (AZ31 magnesium
alloy) in U-profile shape. It has the same dimensions of the
numerical model, which are 100 mm height, 30 mm length,
15 mm width, and 3 mm wall thickness. After that, the specimens
were annealed 450 °C along 3.5 h in order to homogenize the
grain sizes and relieve the residual stresses.

After the annealing process, the specimen was pressed along
the TWO-CAP die with constant speed (1 mm/s) and

temperature (300 °C). In TWO-CAP process, one pass is com-
posed of two pressing steps; along the first step, the cross-
sectional dimensions of the specimen are enlarged from 30 x
15 mm to 36 x 18 mm due to 150° channel angle (®), but along
the second step, it returns to original dimension again (as seen in
Fig. 1). Therefore, the initial dimensions are preserved, which is
the essential rule of all repetitive-SPD methods. This act provides
the repetition of the pressing operation to the desired pass number
for the new generated methods.

3 Results and discussion
In this section, numerical and experimental results will be

given by identifying the relation with each other. In numerical
analysis part, the finite element analysis (FEA) results will be
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Fig. 5 EDS pattern of full area and spots with a weight ratio of elements
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Table 1 The chemical composition of AZ31 alloy in weight %

Al Zn Mn Si Cu Ni Fe Mg
Wt(%) 3.0 0.75 0.68 0.01 0.002 0.001 0.004 Balance

presented by comparing the changes in the effective strain,
stress, and applied force and their extremely occurred regions.
Then, the effects of the TWOCAP process respectively on
microstructure and on the mechanical properties will be given
as experimental results. OM, SEM images with EDS, and
XRD result will be presented with the changes in their values
by the pass number.

3.1 Analytical and numerical analysis results

According to the analytical calculation by using the newly
derived equation, the total equivalent strain gain becomes
0.91 after the one pressing (half pass) while 1.82 after one
pass. The one pressing value obtained from analytical calcu-
lation verifies the numerical strain result, which is illustrated
in Fig. 2; in here, the strain distribution on the pressed speci-
men is almost homogeneous with the average value of 0.85.
The differences in strain values between analytical and FEA
results are 6.5%, which is a proper value for these types of
studies, and it is acceptable.

In numerical analysis results, investigation of the increase in
the effective strain on the specimen was the first aim due to the
direct relation with the mechanical properties of the material. As
shown in Fig. 2, the TWO-CAP process has high efficiency with
the high strain on all section of the specimen. Moreover, the more
strain occurrence at the corners also has a positive effect on the
specimen with the mechanical endurance to failures. Secondly,
damage on the specimen was determined during the pressing
operation, which is essential for the safety of the material versus
fracture. The most damage was expectedly seen on the corner
section with the maximum value of approximately 0.4 (D < 1),
which shows the process safely for material, and there is no

damage on the specimen (Fig. 2f). Then, the effective stress
was observed on the specimen during all steps and compared
with the applied loads. It was observed that the most stress occurs
when the specimen is passing from the angular regions. The
validation of the numerical model also was done by comparing
the applied load with the experimental pressing load, and similar
results were obtained (Fig. 2d). Once, the model was verified
with the analytical results in term of the effective strain.

3.2 Effect of TWO-CAP on microstructure

In the material characterization study, three analysis methods,
OM, SEM-EDS, and XRD methods, were used to determine
the change on the microstructure of the specimens due to the
effect of the TWO-CAP process. Grain size analysis and their
distributions according to pass number were determined by using
an optical microscope device and its software: NIS Element
Basic Research, according to ASTM E112-13 standard. In
Fig. 3, left column, the differences of the microstructure depend-
ing on the pass number were seen clearly for each specimen.
While the grains were coarse and more homogeneous on the
annealed specimen, the decrease of grain sizes and the orienta-
tions are seen in the TWO-CAP applied specimens similar to the
literature studies [20, 21].

Therefore, while the grain size was measured 28.9 um in the
annealed specimen, this value decreases to 4.1 um for four
passed specimens (Table 2). The distribution of the grain size
versus frequency was also shown on each OM images. Only
the OM analysis shows the efficiency of the new developed
TWO-CAP method on the grain refinement. The improvement
on the microstructure by the increase of the pass number was also
verified by taking SEM images from the inner surface of the
specimens (Fig. 3, middle column).

Then, the SEM fractography was performed after tension
tests to analyze the fracture surface of the specimens (Fig. 3,
right column). On these images, the fracture analyses were
performed, and it was observed that while the annealed

Fig. 6 EDS mapping TWO-CAPed AZ31 with secondary phases and grain boundaries
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Table2 Mechanical and microstructural properties of the all AZ31 specimens
Yield strength Ultimate tensile strength Elongation at break  Toughness (MJ/  Hardness Crystal size Grain size
(MPa) (MPa) (%) m’) (HV) (nm) (jm)
Annealed 52,1 2277 15,3 20,4 55,2 64,8 28,94
1 pass 136,1 2552 12,8 28,3 59,4 41,1 7,70
2 pass 146,8 260,1 12,7 28,4 62,2 41,1 5,52
3 pass 161,7 264,3 12,1 28,0 63,3 38,8 4,17
4 pass 1724 2832 14,9 379 65,4 38,4 4,05

specimen has wide cleavage planes before pressing, voids and
dimples took place extremely on the surfaces after the four
passes of the TWO-CAP process. This state can be related to
the decrease of the grain size with the increase of the pass
number.

Lastly, SEM-EDS analysis was done to specimens to
perform elemental and phases analyses; by this way, the
primary phase (matrix «x-Mg) and the secondary phases
(AI8Mn5) were determined on the specimens accompa-
nied by the chemical composition of the elements. The
SEM and EDS results of the AZ31 magnesium alloy are
presented in Figs. 3, 4, and 5.

In Fig. 4, an intermetallic phase (in micron size) was han-
dled and investigated, and the distribution of the element
showed both composed and separate images. As seen in the
SEM-EDS results, secondary phases contain mostly Al and
Mn elements and, in the negligible ratio, Zn, Fe, Cu, and Si
under the 1% weight ratio (Fig. 5).

The chemical composition of AZ31 alloy in weight percent
(Wt.%) is given in Table 1. The composition does not change
in the alloy after the TWO-CAP process.

In Fig. 6, SEM-EDS mapping results illustrate the grain
boundaries and the secondary phases distribution. In some-
where, Al-rich phases is observed, while at the other region,
Mn-rich phases were placed under the micron size levels
(nano-size particles). The size decrease of the intermetallic
phases in nano-size can be related to the effect of the TWO-
CAP method, like the effect on the grain refinement.

The XRD study was carried out with D8-ADVANCE de-
vice diffractometer using CuK « radiation, and crystallite sizes
were calculated from the Scherrer equation [22] and were
listed in Table 2. It is determined that the crystallite size de-
creased from 64.8 nm to 38.4 nm at the end of the four passes,
depending on the increase of pass number. The XRD pattern
of all specimens with the peak identifications is displayed in
Fig. 7. The peaks on the patterns indicate the «—Mg phases,
which the indexing was based on the pdf card #01-077-6798.

At the below (Fig. 8), TEM analysis images of the four pass
TWO-CAP applied AZ31 alloy are displayed. At the left im-
ages, the nanocrystals are shown with the close size to the
XRD results, while the SAED pattern shows the effect of the
TWO-CAP with high intensity on the crystal structure of

AZ31 alloy which has hexagonal close-packed (HCP) crystal
structure.

The right image also shows the lamellas with the accumu-
lation of residual dislocations at the twin boundaries [20, 22,
23]. The increase of the dislocation density also is observed at
the boundary lines as a result of the high plastic strain.

3.3 Effect of TWO-CAP on mechanical properties
3.3.1 Tension and hardness test results

In order to accomplish tension tests, the specimens were prepared
in compliance with ASTM ES8 sub-size standard by using wire
EDM from unpressed (only annealed) and TWO-CAPed
(annealed + pressed) specimens as shown in Fig. 9a, b, and c.
The tension tests were performed with 1 x 105" strain rate
according to the standard, using AGS-X series tensile test device
with 100kN capacity. Here, the increase on strength and tough-
ness on TWO-CAPed specimen is clearly seen similar to the
literature studies [24, 25]. Figure 9 shows a TWO-CAPed
AZ31 workpiece after the extraction of the tensile test specimens
(Fig. 9¢) and microstructure analysis specimen (Fig. 9b). The
hardness test also applied to the cross section of the same spec-
imen (Fig. 9b) after the characterization operations. The tensile
test was performed on all sections by taking specimens from
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Fig. 7 XRD patterns and peak identification of AZ31from annealed to 4
passes
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Fig. 8 TEM images with a SAED pattern of the 4 passed AZ31 magnesium alloy

flanges and web of the U-profile, and nearly the same stress-
strain graphs were obtained from all regions.

This state shows that the TWO-CAP method improves the
mechanical properties at all sections of workpiece homoge-
neously depending on the microstructural improvements. The
average of the three tension test results (Fig. 9c) was accepted
as the final result of the passed specimen and the stress-strain
curves displayed in Fig. 10. Due to the one-direction tension,
maximum shear stress occurs at the plane with 45° tension
direction, so the fracture begins in this plane [26]. This state
was observed at the tensile test specimens both front and side
surfaces at fracture sections (Fig. 9c, e).

As seen in the engineering stress-strain curves in Fig. 10, the
elongation decreases at the first three passes while it increases
nearly to the value of the annealed specimen after the four passes.

It can be commented as the coexisting of inhomogeneous micro-
structure with coarse grains and ultrafine grains, and it tends to
fail along the boundary of two different regions with different
grain size. As a result, the material just reached to stable structure
with new fine grains after four passes [27]. By calculating the
under area of the curves, it can be seen that the toughness value
increases with the pass number, especially after the four passes
depending on the stress and elongation.

By the effect of the new SPD method TWO-CAP, the yield
strength (YS) significantly increases from 52.1 MPa to 136.1
after the one pass; this increase can be related with the high
internal stress and dislocation density. After the one pass, the
increase was observed in minimal ratio at the Y'S and ultimate
tensile strength (UTS) while their values noticeably increase at
the four passes. This state can be verified with the value of the

o— |@

()

Fig. 9 TWO-CAPed AZ31 after test specimens extracted (a), microstructure analysis and hardness test specimen (b), tensile test specimens (c), grains

(d), angled fracture region (e), fracture surface and fractography (f)
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Fig. 10 Engineering stress-strain curve of the 1-4 pass TWO-CAPed and

annealed AZ31

grain and crystal sizes, where a high decrease is seen in the

first pass, while the negligible decrease occurs until four

passes (Table 2).

Hardness property of specimens was determined to utilize
Vickers method with the parameters of 10 kgf preload, 30 kgf
load, and 6 s duration. The test results have shown that the
hardness value is increased to the 65.4 HV after TWO-CAP
process while annealed specimen has 55.2 HV (Table 2). The
reason for this state can be related to the decrease of the grain
size, dislocations, and orientations on the structure of the ma-
terial [1, 28].

Figure 11 also shows the effect of the pass number on the
values of hardness and UTS comparing the crystal sizes. As seen
in the figure by the first pass, there is a significant increase in
mechanical properties due to the change in the crystal size,
whereas in the first three pass, there is a minor increase.
However, changes in mechanical properties and crystal size can
be accepted stable. However, after the fourth pass, the UTS, Y,
toughness, and elongation show a significant increase, and on the
contrary, an evenly decrease in the crystal size was not observed.
The reason for this improvement in mechanical properties is that

(HV) (MPa)(nm)
70 - —aA— Vickers Hardnes (HV) 320 ~70
—e— UTS (MPa)
—=— Cyristal Size (nm) [ |
n L 300 65
65| |
60
280
/ L 55
60
1/1 260 [ o
5] T 240 -45
SR r
;
T . La
50 T T T T T L35
Annealed 1 Pass 2 Pass 3 Pass 4 Pass

Pass Number

Fig. 11 Comparison of the hardness and UTS values with crystal size for
all specimens

the microstructure of the material becomes more regular and
stable and it also can be associated with the dislocation densities
to the homogenization and circularity in the grains.

4 Conclusion

As a conclusion, a novel SPD method was generated for thin-
walled open beams and named as TWO-CAP. The new method
was modeled and analyzed with FEA studies, and positive effects
of the method were observed on the material properties. Then,
the designed dies and specimens were produced, and experimen-
tal studies were performed. This study can be accepted as an
application of computing techniques in manufacturing operations
for thin-walled profiles with manufacturing design and simula-
tion studies. It was detected that the TWO-CAP pressing opera-
tion improved the mechanical properties of the materials by af-
fecting the microstructure of them:

» As seen in the results, the process increased the hardness
value from 55.2 HV to 65.4 HV (%18.5 increase), simi-
larly UTS from 227.7 MPa to 288.2 MPa (%26.6 in-
crease), and 0.2%YS from 52.1 MPa to 172.4 MPa
(%231.3 increase).

e Together with this, the toughness of the material
concerning the area under of the stress-strain curve in-
creased from 20.4 MJ/m?> to 37.9 MJ/m® (%85.8 increase)
with the increase in the elongation and UTS after the four
passes. These improvements were becoming with the
changing in the grain and crystal size, which is verified
by the microscopy and XRD studies.

* According to the result of the tests, crystal size decreases
with 40.7% at the end of the four passes while the grain
size decreases with 86%.

* By the help of the SEM-EDS analysis, the localized sec-
ondarily phases around the grain boundaries were ob-
served with the high dislocation density on the microstruc-
ture of the materials. The advances on the microstructure
also have a positive effect on the mechanical properties of
the material as a result of TWO-CAP process.

These outcomes were also verified by the help of TEM
analysis images and SAED patterns that the dislocation den-
sities at the boundaries and nanocrystals intensity within HCP
crystal structure were determined by this way.
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