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ABSTRACT. High Pressure Torsion (HPT) is a highly effective super-plastic
deformation process for obtaining nano-materials with high performance
mechanical properties. In view of its optimization, it is of paramount
importance to evaluate the relations between the behavior of the material
under the effects of different processing parameters. In this context, this work
aims to highlight the plastic strain distribution in the deformed material as a
function of the hydrostatic pressure, the torsion angle and the temperature of
the material applied during the process. A typical amorphous polymer
(Polymethyl-Methacrylate: PMMA) has been tested. Firstly, in order to
identify the material parameters of a phenomenological elasto-viscoplastic
model compression tests at different temperatures and strain rates have been
carried out. Then, the distributions of the effective plastic strain, the
equivalent plastic strain rate and the hydrostatic stress were analyzed using
finite elements method. Recommendations on process conditions were
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proclaimed at the end of this work according to the obtained numerical
results.
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INTRODUCTION

(UFG) materials through the application of severe plastic deformation (SPD) [1, 2]. Recently, SPD techniques have

been used in the modification of microstructure. They made possible to produce nano-crystalline (NC)
microstructures out of metallic materials [3, 4]. Such SPD methods include High Pressure Torsion (HPT), Equal Channel
Angular Pressing (ECAP), Accumulative Roll Bonding (ARB), Multiple Forging, Twist Extrusion (TE) and some others.
Among the various SPD techniques, Equal-Channel Angular Pressing (ECAP) and High Pressure Torsion (HPT) are the
most common [5]. To date, processing by HPT has proven to be the most effective of all the SPD methods in producing
bulk nanostructured materials [6]. Its principle consists in putting a disk between two massive anvils under a simultaneously
or successively action of high compression and torsion as shown in Fig. 1.
The occurrence of superplasticity was reported not only after HPT processing of thin disc specimens [7,8], but also using
the ring samples [9,10], bulk samples [11, 12] as well as after continuous high-pressute torsion extrusion [13]. Different
materials have been tested experimentally [14] and theoretically [15] through the application of HPT process such as
aluminum alloys [8, 16], nickel [17], copper [15], titanium alloys [3, 18], polymers [19], zirconium [20, 21], Magnesium alloys
[22], aluminum-zinc alloys [23], intermetallics [24, 25] and others (see [206, 27]).

T here have been extensive investigations over the last two decades into the production of bulk ultrafine-grained
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Sample

Torsion ;

Figure 1: Schematic illustration of HPT process.

In the past, FEM simulations of the SPD processes were performed with the purpose of analysis and optimization of the
SPD processing variables and prediction of the mechanical and microstructural characteristics of the SPD processed samples
[15]. For example, for HPT, the effects of processing parameters, such as geometries of the disc [28], applied pressure [29],
temperature distribution [30, 31], rotation rate [31], friction conditions [32], material porosity and properties [32, 33] and
slope of the inclined anvil's surface [34] on the plastic strain behavior were reported in the literature extensively.

This work is devoted to study the behavior of polymethyl-methacrylate (PMMA) during HPT process. It is important to
note that the behavior of this amorphos polymer is sensitive to the strain rate, temperature, hydrostatic pressure and torsion
angle [35]. A three-dimensional finite element analysis has been conducted using hexahedral element with 8-nodes. Our
particular attention has been focused on the distribution of the plastic strain in the deformed material as a function of the
different parameters of the process, namely, the sequence of the different phases, the hydrostatic pressure, the torsion angle
and the temperature of the material during the process.
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CONSTITUTIVE MODELING

material parameters of this model have been identified using compressive tests on PMMA cylindrical specimens at
different temperatures and strain rates. The experimental protocol used for this solicitation mode was also presented
in details in the next section.
The Perzyna model considers the hypo-elastic relation, and the additive decomposition of the tensor of the strain rates to
write [36]:

T o model the PMMA behavior during HPT process, the elasto-viscoplastic model of Perzyna has been used [36]. The

c="H:(D-D") 1)

with H is the Hooke tensor (tensor of elasticity) given by:

E 2v
H= 2+v) |:(é‘zké‘jl +é;‘15jk)+mé‘ij5kl:| @

where E andV represent respectively the Young's modulus and the Poisson's ratio and ¢ is the Kronecker symbol. The
viscoplastic deformation rate is given by the rule of normality. Its direction is normal to the surface flow in the stress space

gf , / being the surface flow. By introducing the hypothesis that the function fis independent of the deformations, and
o

supposing the Von Mises criterion [37], the viscoplastic strain is formulated as follows:

y 0
D = yo(f) L o
oo
of . . . .
with = =1 in the case of a perfectly viscoplastic material.
o

where ¢(f) is a function generally chosen as a power function:

¢(f)=(£—ljm @

Oy

Then, we obtain:

D” = y(i—lJm )

Oy

where 7z and y are respectively the hardening parameter and the viscosity (strain rate sensitivity parameters), ¢ is the flow
stress and 0 is the static elastic limit. The Perzyna model describes only the sensitivity of the yield stress to the strain rate,

then it is necessary to introduce the post yield softening and hardening.

The finite element program used allows us to take into account this post-flow behavior. A multilinear isotropic hardening
combined with the Von Mises criterion has been adopted. It should be noted that in this study, we assume that the
viscoelastic part of the response does not significantly affect the global results and the pre-yield response is assumed to be
linear and elastic.

The behavior in large deformations of viscoplastic solids is described by the constitutive equations, for which analytical
solutions are difficult to obtain, even for simplified problems. This model has attracted a lot of attention in the literature
because it was validated experimentally in the work of Perzyna [38]. In addition, its simplicity of writing made it easier to
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implement in simulation codes. Peric et al. [39] have used this model in their numerical studies to adapt to large deformations
the behavior of materials depending on time and the history of deformation. The work of Van Der Sluis et al. [40, 41] on
polycarbonate loaded with elastomer particles has brought an interesting approach based on the Perzyna model and a
nonlinear hardening which has shown the efficiency of the use of this models type for polymers.

EXPERIMENTAL PROCEDURE FOR MATERIAL PARAMETERS IDENTIFICATION

compression tests at different strain rates and different temperatures conducted on polymethyl-methacrylate
(PMMA) samples. Noting that compressive loading, unlike traction, provides (or delays as much as possible) the
damage mechanisms.

T o identify the parameters of the elasto-viscoplastic constitutive law presented in the previous paragraph, we used

Material properties

The material studied (PMMA) was supplied by the Goodfellow® company in the form of a cylindrical bar of 8 mm in
diameter and 1000 mm in long, with a molar mass of the order of 65 kg.moll. The glass transition temperature is about
120°C. The mechanical properties of this material are shown in Tab. 1.

Mechanical properties of PMMA

Density (g cm™) 1.19
Coefficient of friction 0.25-04
Hardness - Rockwell 92-100
Impact resistance - Izod (J m™) 16-32
Poisson coefficient 0.35-0.4
Elongation at fracture (%o) 2.5-4
Traction module (GPa) 2.4-3.3
Tensile strength (MPa) 80

Table 1: Mechanical properties of the studied polymer (PMMA).

Description of the mechanical test
In order to determine the three parameters (g, m, ¥ ) of the elasto-viscoplastic model, the PMMA sample was tested at

strain rates ranging from 10-5 s to 102 s at a room temperature (25°C) and high temperatures (40°C, 60°C and 80°C). The
uniaxial compression tests are petformed on an Instron 5867 tensile/compression machine using a 10 KN cell to measure
the applied force. The acquisition of experimental data in stresses and strains at each moment during the test was recorded
using the Bluehill software. The displacement of the upper plate is controlled with a translational speed of the crossbar
calculated from the speed of deformation. All samples were compressed up to 40% of deformation using two parallel
compression trays.

To study the dependence of the polymer behavior at a high temperature, we used a thermal enclosure allowing tests with
temperatutes up to 250°C. To ensure the homogeneity of the temperature in the specimen, it was maintained for about 15
minutes at the desired temperature before starting the test. The upper end of the sample is left free during the heating phase
to allow thermal expansion to take place freely. To investigate the influence of the temperature increase on the stress-strain
cutrve, the PMMA sample was tested at temperatures ranging from 25°C to 100°C at a constant strain rate.

From the registration of the cross-bar displacement and the measurement of the force F during the test, the nominal strain-
stress curves are deduced using the Bluchill software integrated in the electromechanical testing machine. To make the
necessary transformations in true quantities (true stress, true strain), it is assumed that the material is incompressible and
isotropic, and the deformation is supposed to be homogeneous. The extensometer allows to measure the displacement AL
and by knowing the initial height of the sample Lo, the true axial strain is obtained from the following expression:

AL
. =Ln (1 + L—Oj ©)

The true stress becomes:
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L

AL
o.. =0'N.(1+—] %
0

where oy = F/S, , is the nominal stress and Sy is the initial section.

Fig. 2 shows the axial stress-strain curves resulting from the tests at different temperatures and a speed of 10-3s°1. From this
graph, we can notice that the stress level decreases when the temperature increases. In addition, the curves confirm the very
marked nonlinearity of the PMMA behavior, and a weak softening followed by a noticeably observed hardening.
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Figure 2: True axial stress-strain curves at different temperatures and a strain rate of 103 s' on a PMMA samples.
By plotting on a graph the evolution of the stress as a function of the deformation (Fig. 3), for different strain rates, and for
the same temperature, we have been able to highlight the dependence of PMMA behavior on strain rate. These curves show
that the elastic limit, the Young's modulus, and the hardening decreases with the decrease of the strain rate. The curves

show a peak which is slightly pronounced at room temperature and becomes more significant with the increase of the
temperature.

PARAMETERS IDENTIFICATION AND VALIDATION OF THE MODEL

he identification of viscoplastic parameters for PMMA goes through the classical process using linear least squares
regression from PMMA strain-strain cutrves at different strain rates. We draw the following function:

m
LnDP = 1| y| Z-1 ®)
%0

For the three strain rate values 104, 10-3,and 10-2 s, this evolution is a linear function y=a.x+& which allows us to determine

the coefficients 2 and 4. Finally the parameters are deduced as follows:
y=Exp(b), m=1/a ©)

The values of the parameters obtained for each temperature are given in Tab. 2.
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Parameter T=25°C T=60°C T=80°C

E (MPa) 2565 1084 833
v 0.32 0.33 0.33
m 0.346 0.294 0.295
4 0027 00137  0.0298

o, (MPa) 89 40 29

Table 2: Material parameters of elastic-viscoplastic model for PMMA at different temperatures.

To validate the viscoplastic model, we simulated compression tests performed on PMMA sample at different strain rates
and at study temperatutes {T = 25, 60 and 80°C}.

We have examined the macroscopic behavior of PMMA with the set of parameters reported in Tab. 2. As can be seen in
Fig. 3, there is an acceptable agreement between experimental data and simulation results.

For high strain rates and at 25°C and 80°C, the predicted flow yield is near to the experimental measurements, but the
hardening deviates from it. This difference can be explained by the experimental calculation of the stresses from a
rectangular surface, whereas the sample has a barrel shape with a section which changes and becomes more important in

the middle.
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Figure 3: Stress-strain curves of the PMMA for different strain rates and at temperatures of: (a) 25°C, (b) 60°C and (c) 80°C.
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SIMULATION OF THE HPT PROCESS

The initial dimensions of the PMMA samples used are 20 mm in diameter and 10 mm in thickness. It should be

noted that the mesh size selected is largely sufficient to show accurately the distribution of localized plastic strain
within the samples. The upper and lower anvils were considered as rigid bodies in the finite element simulations. The upper
anvil is subjected to an imposed displacement of compression, while the lower anvil is subjected to rotation. The effects of
the hydrostatic pressure applied and the torsion angle on the evolution of the equivalent plastic strain were highlighted in
this numerical investigation of PMMA behavior during HPT process.

T he simulations were petrformed by the finite element code MSC.Marc using eight (8) nodes hexahedral elements.

Effect of the hydrostatic pressure

To highlight the effect of hydrostatic compression, four different vertical displacements were imposed by the upper anvil. A
constant rotation speed of 0.2618 rad/sec was applied duting the torsion. The results obtained for the evoluton of the
equivalent plastic strain along the radial distance from the center for various imposed compression displacements combined
with a 30° of torsion angle are illustrated in Fig. 4. It may be noted that the equivalent plastic strain increases with the increase
of the imposed compressive displacement. In addition, it can be seen that the influence of this parameter becomes significant
by moving away from the center of the specimen and likewise for the heterogeneity of the plastic strain distribution. Indeed,
for an imposed displacement of 1 mm, an equivalent plastic strain (¢,) of 1.49 was obtained, whereas, for the one of 2.5 mm,
&=1.91.

1.8 —— Imposed Dizp. =1mm

—a— Imposed Disp. =1, 5mm

—+— Imposzed Dizp. =2 0mm
Imposed Disp. =2 5mum

—_
R =

Equivalent plastic strain
= =2 =2 =2 = =
. L T — T

0o e L e
-100 87 -T0 45 20 00 20 45 71 87 100
Diameter of disc from center (mm)
Figure 4: Distribution of the equivalent plastic strain along the radial distance of the disk for different imposed vertical displacements.

The distributions of the equivalent plastic strain in the deformed geometries of the sample at the end of the process for
imposed displacements of 1mm, 1.5mm, 2mm and 2.5mm are illustrated in Fig. 5. It can be noted that the highest deformation
values are located in the lower and upper regions of the sample. Therefore, in order to improve the level of the plastic strain
distribution, it is necessaty to increase the torsion angle. Furthermore, it should be interesting to remember that the decrease
of the sample thickness contributes also to the increase of the plastic strain as it has been highlighted by Drai and Aour [42].

Effect of torsion angle

In order to illustrate the effect of torsion angle on the evolution of equivalent plastic strain a vertical displacement of 1 mm
was imposed by the upper anvil on the sample and was maintained during the torsion with different angles of the lower anvil
(15°, 30°, 45° and 60°). The simulations wete performed with low angular velocity of 0.26 rad/sec in otder to conduct the
process in isothermal conditions.
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Figure 5: Distribution of the equivalent plastic strain as a function of the imposed displacements on the deformed PMMA sample at the
end of HPT process in the case of: (a) 1 mm, (b) 1.5 mm, (c) 2 mm and (d) 2.5 mm.

Evolution of equivalent plastic strain

Fig. 6 shows the distribution of the equivalent plastic strain along the sample radius for an imposed displacement of 1 mm
and different torsion angles. It can be observed that the accumulated plastic deformation increases with the increase of the
torsion angle and becomes very important at the edge of the sample.

Fig. 7 illustrates the isovalue contours of the equivalent plastic strain distribution in the PMMA samples deformed during the
HPT process, in the case of 1mm imposed displacement and a torsion angle of: (a) 15°, (b) 30°, (c) 45° and (d) 60°.

From Fig. 8, it can be observed that after the vertical compressive displacement of 1 mm the plastic strain is very low and its
maximum value does not exceed 0.3. In addition, at this stage, the plastic strain induced by a simple compression remains very
low especially in the middle of the sample. However, after the application of torsion under high pressure, the plastic strain
increases with the increase of the torsion angle 8 and becomes very high in the upper and lower areas, where it reaches a
maximum value of 4.72 when 0 = 60°. On the other hand, in the center it is always weak. Therefore, it is advised to use small
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thicknesses in the case of PMMA samples, to obtain a good homogeneity and a large plastic strain in the sample processed by
HPT.
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Figure 6: Evolution of the equivalent plastic strain as a function of the radial distance for different torsion angles at the end of HPT

process.

Evolution of the mean normal stress

In order to study the state of the stresses in the PMMA sample, the distributions of mean normal stresses along the diameter
of the upper face at the end of HPT process using an imposed compressive displacement of 1mm of compression with
different torsion angles are presented in Fig. 9. It can be seen that as the torsion angle increases, the compression stress
increases at the central portion of the upper surface of the sample.
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© (d)
Figure 7: Distribution of the equivalent plastic strain in the deformed sample during HPT process in the case of an imposed compressive
displacement of 1mm with a torsion angle of: (a) 15°, (b) 30°, (c) 45° and (d) 60°.
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Figure 8: Evolution of the equivalent plastic strain at the Figure 9: Evolution of the average normal stress along the
beginning and the end of torsion during HPT process at the diameter of the upper face at the end of HPT process using a
upper area of the sample. compressive displacement of 1mm with different torsion angles.

Fig. 10 illustrates the contours plots of the mean normal stress distribution in the PMMA sample deformed during HPT
process. It can be observed that the central part of the sample is stressed in compression, however the peripheral region (in
yellow color) is under tensile stress and this zone increases with the increase of the torsion angle. This explains the
heterogeneity of the equivalent plastic strain distribution. In addition, the maximum value is always located in the central part
of the sample-anvil interfaces for the four torsion angles.

Effect of temperature

From the macroscopic point of view, the behavior of PMMA is highly dependent on temperature. It is the site of behavioural
transitions that can be associated with different molecular relaxations. It is the site of behavioral transitions that can be
associated with different molecular relaxations, i.e. activation of changes in local conformations, resulting in the most brutal
behavior changes in certain temperature ranges. To study the dependence of PMMA behavior during HPT process under
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the effect of temperature, a seties of numerical calculations was cattied out for three different temperatures T = {25, 60 and
80°C}. Noting that the same constitutive law described in the previous paragraph has been identified at different
temperatures under isothermal conditions and the material parameters obtained are presented in Tab. 2. The same operating
conditions previously used (compression of 1 mm with a torsion angle of 15°) wete applied for the simulation of the HPT
process under different temperatures.
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S.040
—4 7E7
—14.574
—24.381
—34.188
—43.995
—53 . 802
—B3.6093
—73.4186

—83.223

14 847
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Figure 10: Distribution of the average normal stress in the deformed sample during HPT process in the case of a Imm of compression
with a torsion angle of: (a) 15°, (b) 30°, (c) 45° and (d) 60°.

Distribution of the equivalent plastic strain

In order to highlight the distribution of the plastic deformation in the PMMA sample, the iso-value contours of this latter
at the end of the process for three different temperatures are presented in Fig. 11. It can be noted that the temperature has
a slight influence on the magnitude of the plastic deformation during HPT process.
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Figure 11: Distribution of the equivalent plastic strain in the deformed sample with a compression of 1mm and a torsion angle of 15 °
for different temperatures: (a) 25°C, (b) 60°C and (c) 80°C.

This slight influence of temperature can be confirmed by plotting the distribution of the equivalent plastic strain along the
radial distance from the upper surface of the sample as shown in Fig. 12. A slight difference was found. In addition, the
maximum value of equivalent plastic strain is approximately 2.30.
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Figure 12: Distribution of the equivalent plastic strain as a function of the radial distance in the upper surface of the sample during the
HPT process for different temperatures: 25°C, 60°C and 80°C.

Evolution of applied load and torque

Fig. 13 shows the simulation tresults for the evolution of the compression load applied by the upper anvil as a function of
the time during HPT process at various temperatures. The load required for each temperature in the ascending order (25°C,
60°C and 80°C) is respectively 11800, 16200 and 36000 N. We can see that when the temperatute increases, the load required
for HPT process dectreases. For example, for a temperature of 25°C, the required load is more than three times of that
required at room temperature. Moreover, the load versus time evolution during the HPT process can be subdivided into
four main stages. The first stage starts from the origin up to the end of compression phase. This stage corresponds to the
elastic deformation of compression. The second stage corresponds to the increase of the load from the elastic limit of
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compression to the maximum value of the load. This stage corresponds to initiation and propagation of the plastic zone
between the two upper and lower surfaces of the sample. The maximum force corresponds to the formation of the shear
band along the cross-section of the sample, which precedes softening. The third stage corresponds to the decrease of the
load from the peak to a minimum and is characterized by the initiation of the plastic flow. Beyond (stage 4), the load remains
almost constant. This stage corresponds to the steady-state of the plastic flow when the plastic strain reaches its saturation

value.
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Figure 13: Evolution of the compression load applied by the upper anvil as a function of the time of HPT process for different

temperatures.

Fig. 14 shows the actual values obtained by numerical simulation of the torque required for torsion phase of HPT process
when it cartied out at different temperatures (25°C, 60°C and 80°C). It can be noticed that there is an abrupt increase from
the torsion phase followed by a plateau (a horizontal line) after about 1.8 sec. This aspect can be attributed to the plastic flow
in the direction of rotation (when the elastic limit due to the torsion is exceeded). It should be noted that the conduct of the
process with a temperature higher than room temperature and lower than the glass transition temperature of the PMMA allows
to reduce the pressure and the torque required for the deformation of the sample during HPT process.
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Figure 14: Evolution of the torque as a function of time process for different temperatures.

193



¢
f?c‘
A. Drai et alii, Frattura ed Integrita Strutturale, 52 (2020) 181-196; DOI: 10.3221/IGF-ESIS.52.15 rl

Three particular properties can be highlighted when the sample is deformed at high temperatures: (a) reduced plastic strain
distribution in the sample, (b) decrease of the required load and (c) decrease of the required torque. Furthermore, strain
recovery during the cooling stage may affect the process. This point will be the subject of further mechanical and

microstructural investigations.

CONCLUSION

polymethyl-methacrylate (PMMA). For this purpose, an identification of the parameters of a Perzyna elasto-

viscoplastic phenomenological model was performed using compression tests at different temperatures and strain
rates. After the identification of the parameters, a numerical investigation was carried out to highlight the effects of the main
processing parameters in the case of an imposed compressive displacement and different torsion angles. From the results
obtained, we can draw the following conclusions:

T he aim of this work is devoted to study the applicability of HPT process for a typical amorphous polymer which is

e The equivalent plastic strain increases with the increase of the imposed compression displacement.

e Accumulated plastic deformation increases with the increase of torsion angle and becomes very important at the
edge of the sample.

e Itis advised to use small thicknesses to obtain a good homogeneity of the plastic deformation.

e The temperature has a slight effect on the evolution of the plastic deformation. However, it can be used to reduce
the force and torque required for HPT process if necessary.
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