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Abstract: Simulation of Zr1.0%Nb billet during equal channel angular pressing
(ECAP) was conducted in QFORM program for one single pass at 420°C. The stress
values, including mean stress em, and equivalent stress eeq along with their related
area A% were calculated in the longitudinal (Y) and transverse (X) sections.
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1. INTRODUCTION

Severe plastic deformation (SPD) is a powerful tool to produce bulk ultrafine
grains and nanostructure materials [1]. SPD processes induce high compression stress
in the materials along with high strain in a specified and restricted geometrical
dimension without changing the material volume. Applying high compression stress
suppresses crack initiation on the material surface and prevents material failure [2, 3].
Various methods exist for applying severe plastic deformation [4-9], such as equal
channel angular pressing (ECAP), a repetitive process involving material deformation
in two inclined channels with small geometrical dimensions [10]. Many studies
[11-15] have discussed the application of additional back pressure to maintain the
material under compressive stress throughout the entire process using both simulated
and experimental methods. Additionally, the ECAP regime, which comprises factors
such as: temperature, route (A, B, C), number of passes in channels, channel angle,
arc of curvature (radius) in the lower die corner, deformation speed, mechanical
properties of the material have a significant impact on the material failure during
ECAP [16-20].
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Therefore, an urgent demand has emerged for running a computational
simulation of ECAP to select the optimal regime, which imposes a specific stress
state on the material and prevents fracture to happen during high rate of deformation
by applying various fracture criteria, as studied previously [21-25].

In this second part of our work (see the first part [26]), we investigate the
mean and equivalent stress distribution in the longitudinal and transverse sections
during the ECAP simulation for a single pass. This investigation allows to
determine the channel, which induces the tensile stress on the billet, causing its
fracture. Since, the absence of compressive stress on the material during severe
plastic deformation initiate cracks on its surface, this can lead to material fracture
in theses weak zones. Additionally, the equivalent stress values were calculated in
these weak zones and compared to the ultimate tensile stress of Zr1.0%Nb alloy.
This comparison is essential to determine the magnitude of tensile stress, which
causing the billet fracture.

2. MATERIALS AND METHODS

The inputs data for simulation, which include the geometric parameters and
the physical and chemical characteristics of the ECAP instrument and Zr1.0%Nb
billet were discussed in detail in the first part of our study [26]. Here, a brief
overview of the main steps of the research method is presented below.

Simulation inputs. In this work, we simulated the ECAP process for Zr1.0%Nb
billet 110 mm long and 20 mm in diameter. Under real conditions, ECAP of
Zr1.0%Nb billet is carried out in six passes. However, for this simulation, we
simulated only the first ECAP pass under isothermal conditions at T = 420°C. The
channel angle was 108°, the strain rate was 0.21 s, and the maximum pressing
load was 0.3 mN.

The computational simulation of the thermal and stress-strain state was
conducted in the QFORM program. The input data for the simulation includes:

— geometric dimensions of the ECAP die, punch, and billet;

— composition of the die, punch, and billet.

To build 3-D finite-element models of ECAP instrument and billet, Compass
3D program was used. Then the generation of finite elements meshes, and models
assembling were carried out using QFORM program. The number of finite
elements in the billet mesh was 46.795 elements, and 55.693 elements in ECAP
instrument mesh.

Geometrical dimensions, physical and chemical properties of the ECAP
instrument and the billet. To perform the simulation, data on the physical and
mechanical properties of the billet and ECAP die were entered into the QFORM
program. The data for Zr1.0%Nb billet were partially obtained from reference
books (physical properties), and partially by conducting tensile and compressive
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tests. The chemical composition of the Zr1.0%Nb alloy was as follows, in wt.%:
(Nb 0.9 — 1.1; Fe 0.05; Ni 0.02; Al 0.008; Ti 0.005; C 0.02; Si 0.02; O 0.1;
N 0.006).

The stress-strain curves obtained during mechanical tests were used for the
simulation. Also, the mechanical characteristics of the Zr1.0%Nb alloy, including
yield strength 6o, ultimate tensile strength oy and relative elongation at failure 9,
were derived from these curves and subsequently used in the simulation. The
structure of as delivered Zr1.0% Nb alloy was partially recrystallized.

3. COMPUTATIONAL SIMULATION

General algorithm of ECAP simulation. QFORM program is capable of
calculating the following values:

— temperature,

— strain,

— mean stress,

— equivalent stress.

Stress and material fracture depend mainly on the sign and the relationship
of principal stresses o1, 62, and o3 The spherical tensor of these stresses is referred
to as the mean stress om, Which is given by the formula:

0y + Oa + Oy
C'I_i':|"|= 3

Mean stress indicates the volume changes in solids, and it acquires positive
and negative values (om < 0, or om > 0). However, materials subjected to positive
mean stress values are more prone to brittle fracture.

At the same time, stress deviator indicates the shape changes in the deformed
solids. In this case, deviator is described by the equivalent stress, which is

calculated using the following formula:

f 7 ~ ~
C‘TEIIZI = \.' C-'_l_ + l:n'_:_ + 53_ - I"J_lﬂp'_: - Cp'_:l:-'_g - G'_El:-'_l )

Unlike the deviator om, equivalent stress indicates volume unity and
integrity, and it is considered a reduced stress, which equivalent to stress at plastic
stage of uniaxial loading. This stress represents the same magnitude as would be
induced under a multiaxial stress. Equivalent stress is used as strength criterion
according to the energy theory and always acquires positive values [27]. The
physical meaning of the equivalent stress presents the overall integral of the shear
stress affecting the surrounding area of a point within the continuous material.
Hence the shear stress relates to shape changes of each point of the continuous



Acrticle no. 604 H. Alsheikh et al. 4

material. Thus, the equivalent stress is defined as overall stress, arising due to the
point distortion in the continuous material.

In this single-pass ECAP simulation, the values and sign of the mean stress
(compressive (-), and tensile (+) stresses) arising in the channels of ECAP die were
calculated in both the longitudinal and transverse sections of the Zr1.0% Nb billet.
Additionally, fracture criterion was applied by calculating the equivalent stress
values in different sections, to determine the crack initiation zones on the billet
surface within the die channels.

The methods used for selecting the upper and lower surfaces during ECAP
process, as well as the longitudinal (YY) and transverse (X) sections, the positions of
the transverse sections X within the channels (A, B, C, D, E), the moments t; (or
stages) of deformation within the deformation zones (intersection channels), and
the designation of selected sections at specific deformation moments (Y (ti), X(t))
were illustrated and discussed thoroughly in the first part of our work [26].

4. RESULTS AND DISCUSSION

4.1. MEAN STRESS DISTRIBUTION

Figure 1 illustrates the inhomogeneity of stress distribution along the longitudinal
sections Y(ti), where i =1, 2, 3, at various deformation moments. After one pass,
the stress values in these sections can be categorized into six mean stress groups:

— group 1: tensile stress (100 < om < 200) MPa,

— group 2: tensile stress (0 < om < 100) MPa,

— group 3: compressive stress (0 > om >-100) MPa,

— group 4: compressive stress (-100 > o > —200) MPa,

— group 5: compressive stress (—200 > o > —300) MPa,

— group 6: compressive stress (—300 > o > —800) MPa.

Mean Stress,MPa Mean Stress,MPa Mean Stress,MPa

200 200 200

B0 |1oo oo

o ,

-100 | 100 l ' -100

I-zoo d 200 -200

] S -300 . 300 z -300
| @ B |_ 400 | |, 800
O Max: 191 e Max: 226 Max: 184
a Min: -817 Min; -813 c Min: -726

Fig. 1 — Stress distribution along longitudinal sections: a — Y(t1), b — Y(t2), ¢ — Y(t3).
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Table 1 presents the positions, value ranges, and related area A[%] of the
stress groups in the longitudinal sections. The results reveal that area A[%] of stress
groups 1, 4, 6 remains constant and relatively small during all moments of
deformations. The zones occupied by these groups on the distribution maps are
located along one of the surfaces within the intersection channels (deformation
zones). Conversely, the area A% of stress group 3, which occupies zones on the
billet within the exit channel, increases by 14, 28, 31 % at ty, to, t3, respectively.
This increase in area correlates with passing the billet in the intersection channel at
ti, and by a decrease in area A[%] of zones occupied by stress group 5 on the billet
within the entry channel.

Table 1

Positions and Area [%] of mean stress groups

Stress Area A[%)]
St 2 Stress val Longitudinal sections
eS| £ON€ 1 70ne position|  Surface €ss value Stress Y(ti)
group | color o [MPa]
Y(t) | Y(t2) | Y(ts)
Intersection | Upper (exit)— .
1 100 < om < 200 Tension 0.4 04 | 04
channel lower (entry)
2 SITE Exit channel Exit 0 <om<100 Tension 11 22 22
Mana
Exit channel — Upper (exit)
3 | Yellow | Intersection PP 0>om>-100 |Compression| 14 28 31
Lower (entry)
channels
Intersection .
4 channel Upper —lower | —100>cm > —-200 |Compression| 10 8 9
5 Entry channel - —200 > oo > —300|Compression| 59 35 10
6 Intersection ) Upper (entl_ry) —-300 > oo > —-800|Compression| 6 4 5
channels Lower (exit)

However, the area A[%] of tensile stress group 2 on the upper surface in the
exit channel increases from 11 to 22% at t», and then remains constant at 22% at t3
due to the billet extraction from the die. This transition from negative compressive
mean stress in the entry channel to a positive tensile mean stress in the exit channel
could initiate cracks on the upper surface of the billet leading to fracture because of
insufficient plasticity [28].

Figure 2 illustrates the stress distribution map of the section A(t:) within the
entry channel. Stress group 5 occupies the entire area of this section. So, the billet
in this channel subjects to a compressive stress (200 > 6o > —-300 MPa).
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Mean Stress,MPa

-235

Max: -290
Min: -235

Fig. 2 — Mean stress distribution in section A(t1).

Figure 3 illustrates the stress distribution map of the section B(ti) within the
entry channel, where the compressive stress groups 3, 4, 5, and 6 covers 33, 38, 27,
2% in B(t), 33, 33, 29, 6% in B(t2), 41, 25, 29, 4% in B(ts). Hence, all sections in
the entry channel subject to compressive stress (0 > oo > -800 MPa).

Mean Stress,MPa Mean Stress,MF Mean Stress,MPa
0
-100 -100 -100
-200 -200 -200
-300
-800
I\.'Iax -66 Max -25 Max -66
Min: -892 Min: -490 Min: -235

Fig. 3 — Mean stress distribution in sections: a — B(t1), b — B(t2), ¢ — B(ts).

However, this variation in stress distribution in sections B(t;) appears due to
billet approaching the shearing zone (intersection channel). In the deformation
zone (intersection channels), as illustrated in Fig. 4, a similar variation in stress
distribution is detected in sections C(ti), accompanied by an increase in the stress
area of groups 5, and 6 on the lower surface of the billet. In the shearing plane the
compressive stress of groups 3, 4, 5, and 6 (0 > oo > -800 MPa) covers 9, 15, 51,
25% in C(t1), 4, 14, 50, 31% in C(t2), 9, 18, 44, 29% in C(ts).

Mean Stress,MPa Mean Stress,MPa Mean Stress,MPa
0 0 0
-100 -100 -100
-200 -200 -200
! -300 -300 -300
z zZ
-800 - -800
v_] 800 VJ
a Max: -20 Max: -28 C Max: -9
Min: -595 Min: -824 Min: -858

Fig. 4 — Mean stress distribution in sections: a — C(t1), b — C(t2), ¢ — C(t3).
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This variation in stress during shearing deformation in sections B(t)) and C(t)
is attributed to the mechanical properties of the metallic billet. As the stress variation
is related to the arc of curvature of the billet on the lower corner of the die, and the
gap between the billet and the die. So, the stress in this surface deviate from simple
shear to a more complex shear. As the billet passes through the deformation zone,
a transition is observed on the upper surface from compressive stress groups 3, and 4
(0 > om > —200) MPa to tensile stress groups 1, and 2 (0 < om < 200 MPa). The
tensile stress covers 19, 17, 15 % of sections D(t1), D(t>), and D(ts) as illustrated in
the Fig. 5, while the lower zone remains under compressive stress of groups 3, and 4
covering 25, 50 % in D(t1), 21, 53 % in D(t>), and 28, 52 % in D(ts).

Mean Stress,MPa Mean Stress,MPa Mean Stress,MPa

—~ B e~ F
P

-100 -100
100
‘ 5 ' E " A I
300 \ z | z I
800 - -800
800 i v | . v A

Max: 205
Min: -432

Fig. 5 — Mean Stress distribution in sections: a — D(t1), b — D(t2), ¢ — D(t3).

Mean Stress,MPa Mean Stress,MPa
200 200
I100 IlOO
100 100
-200 -200
-300 -300
-800 -800
a Max 205 b Max 205
Min: -432 Min: -432

Fig. 6 — Mean stress distribution in sections: a — E(t2), b — E(t3).

After one single pass in ECAP die, the stress distribution in sections E(t.),
and E(ts) exhibits two principal zones (Fig. 6): central tensile stress of group 2
covering 40, and 41% of the area in E(t;), and E(ts), respectively, and the
compressive stress of group 3 on the upper and lower surfaces covering 39, 45% of
the area in E(t2), and E(ts), respectively.

4.2. EQUIVALENT STRESS DISTRIBUTION

Figure 7 shows that the equivalent stress begins to increase from 350 to
400 MPa on the upper surface after shearing deformation in the intersection
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channels, this increase in stress occupies an area of 24, 49, 75% in Y(t1), Y(t2), and
Y(ts), respectively.

Equivalent Stress Equivalent Stress Equivalent Stress
MPa 390 MPa 390 MPa 390
I380 I380 I 380
370 370 370
360 360 360
350 350 . . 350
340 ‘ 340 340
z . 330 T_ 233 T_ 330
| 200 x 200
X Max:386 X Max:386 Max:398
a Min: 195| | b Min: 195 | | € Min: 199

Fig. 7 — Equivalent stress distribution along longitudinal sections: a — Y(t1), b — Y(t2), ¢ — Y(t3).

Figure 8 illustrates that the equivalent stress remains constant at 199 MPa in
sections A(t1), B(t1), B(t2), and B(ts) before entering the deformation zone. Figure 9
illustrates a slight increase in equivalent stress to 350 MPa in the deformation zone,
especially in the central zones of the sections C(ti). The area of these central zones
covers 66, 56, 60 % in sections C(t1), C(t2), and C(ts), respectively.

Equivalent Stress
MPa

Max: 199
Min: 199
Fig. 8 — Equivalent stress distribution in sections A(ty), B(t), B(t2), and B(ts).
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350 350
ol 340 340
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V]
310 z
Y_| . _| 310 _|Z 310
Max:344 ¥
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Nim: 244 Min: 275 c Min: 2

Fig. 9 — Equivalent stress distribution in sections: a — C(t1), b — C(t2), ¢ — C(t3).
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Figure 10 illustrates an increase in equivalent stress on the upper surface of
the billet in the exit channel, rising from 360 to 370 MPa. This increase covers 45,
9, 48 % in sections D(t1), D(t2), and D(ts) respectively. The high equivalent stress
on the upper surface correlates with the transition of mean stress from compressive
to tensile as shown in Fig. 5. At steady state of deformation (t.) the equivalent
stress increase has the minimum values among sections.

Equivalent Stress Equivalent Stress Equivalent Stress
MPa MPa MPa
370 370 370
360 360 360
z .
350 380 z 1350
Y4| Y—I yJ
a Max:366 b Max:362 Max:367
Min: 356 Min: 354 ¢ Min: 357

Fig. 10 — Equivalent stress distribution in sections: a — D(t1), b — D(t2), ¢ — D(t3).

After one single pass in ECAP die, the equivalent stress continues to rise,
reaching a maximum value of 380 MPa. The area of these high stress zones covers
64, 52 % in E(t2), and E(ts) respectively as illustrated in Fig. 11. The initiation of cracks
on the upper surface of Zrl.0%Nb billet in the exit channel is unlikely, as the
maximum equivalent stress on this surface is below the ultimate tensile strength.

Equivalent Stress Equivalent Stress
MPa MPa
380 370
. I378 367
Z z
374 362
v—] v
a Max:381 b Max:370
Min: 374 Min: 362

Fig. 11 — Equivalent stress distribution in sections: a — E(t2), b — E(t3).

However, the simultaneous presence of compressive and tensile stress in one
section (d =20 mm) with relatively high equivalent stress leads to a variation in
microstructural size, which has a negative effect on the mechanical properties of
Zr1.0%Nb.
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4.3. INTERRELATION OF BILLET PHYSICAL PARAMETERS IN ECAP

In general, the results obtained in this study on stress distribution in zirconium
alloy during ECAP are a continuation and inextricably linked to the strain and
temperature distribution previously investigated in our earlier works [26, 29]. The
calculations revealed the following evolution of stress, strain, and temperature
distribution in the Zr1.0%NDb billet during ECAP. Applying an external load on the
billet within the entry channel (transverse section A(t1)), the billet is subjected to
compressive stress ranging from (-200 > oo > —300 MPa). As the billet moves
straightforward, the compressive stress increases throughout the entire sample,
reaching its maximum value in sections B(ti) and C(ti) (0 > 6o > —-800MPa).

However, the billet remains undeformed in the entry channel until it
approaches the deformation zone, where the temperature of the billet increases in
the channel intersection zone, or shearing deformation zone, to 430°C, which
exceeds the initial temperature of 420°C by approximately 10°C. Thus, the shear
deformation zone acts as a heat source due to high induced plastic deformation in
this zone. However, such an increase in temperature is insignificant to affect ECAP
process. For instance, the billet temperature rose by 250°C due to an increase in the
deformation rate from 0.264 s to 21.4 s [22]. Additionally, the authors point out,
that a thermal rise within the deformation zone up to 70°C has no negative
influence on the ultrafine-grained (UFG) structure of the processed material.
Within the deformation zone, the high imposed strain deviates from simple shear to
a more complex stress state, leading to microstructural fragmentation through
inhomogeneous deformation in different parts of the billet. This indicates that the
channel intersection (or shearing deformation zone) represents the area, where the
most pronounced grain refinement occurs, accompanied by both micro- and nano-
fragmentation of grains. However, this inhomogeneous refinement can be
minimized to an acceptable level by rotating the billet by 90° or increasing the
number of passes to six.

Figure 12 illustrates the grain refinement in Zr1.0%Nb from 1.5 um to 0.5 pum,
with the interior zone containing structural elements, such as fragments, and
subgrains with sizes down to 122 nm. Within the exit channel, after shearing
deformation, a transition is observed on the upper surface from compressive stress
(0 > om > —200 MPa) to tensile stress (0 < om < 200 MPa). Concurrently, the billet
temperature decreases to 380°C by forming a temperature gradient along its length.
Just before billet extraction, the stress distribution in sections E(t.) and E(ts) shows
two zones: the central tensile stress and the compressive stress on the upper and
lower surfaces.

A similar result was obtained in [23], where the effect of a modified die on
the deformation distribution in the AI6060 alloy subjected to ECAP was investigated
using the finite element method. The authors found that a conventional ECAP die
induces tensile stress on the upper surface of the sample, particularly within intense
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plastic deformation zone, increasing the tendency for cracking and failure of the
sample and complicating further ECAP processing. Whereas the modified ECAP
die shifts the stress state from tension to compression.

Fig. 12 — Microstructure of Zr1.0%Nb alloy before ECAP (a) and after ECAP (b, c).

The material behavior and strain distribution of a commercially pure titanium
(CP-Ti) sample were investigated previously [24]. The simulation results also
showed that tensile stress occurs near the upper surface of the processed sample,
which makes the workpiece prone to cracking and failure. The authors of [25] also
found that tensile stress increases the sample's tendency to cracking and failure and
complicates further ECAP processing. Therefore, in order to reduce the tendency to
cracking and failure, the application of back-pressure was proposed in these works.

Thus, these studies and literature data point out, that ECAP method is a
complex, multi-level process for forming ultrafine-grained structures, causing a
significant change in material properties.

5. CONCLUSIONS

ECAP simulation of Zr1.0%Nb billet was performed in QFORM program
for a single pass at temperature 420°C. Mean and equivalent stress distribution
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maps were calculated for both the longitudinal and transverse sections. Additionally,
the area of the detected zones on these maps was calculated. It was established that:

—within the intersection channel (deformation zone), compressive stress
variation is observed on the upper and lower surface, while the central zone primarily
subjects to shearing stress (~100 > 6, > —200);

— after passing the deformation zone, a stress transition from compression to
tensile is detected on the upper surface of the billet within the exit channel. This
transition correlates with an increase in equivalent stress, reaching a maximum of
380 MPa;

— after one pass of the billet in channels, no cracks are expected on the upper
surface of the Zr1.0% Nb billet, as the maximum equivalent stress on this surface is
below the ultimate tensile strength (420.5 MPa). However, a heterogeneous
structural distribution with varying microstructural element sizes is anticipated.
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