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ABSTRACT

Due to major obstacles associated with the powder consolidation methods of producing
bulk nano materials such as high cost, contamination and porosity, severe plastic
deformation (SPD) technology, specifically the equal channels angular pressing (ECAP)
technique is used with modifications to numerically simulate the much needed grain
refinement in steel. Attempts are made in this study to investigate influence of processing
parameters such as deformation routes, temperature, load and number of processing
passes on the degree of strain inducement in steel. This study however, aimed at
developing fourth generation metals of exceptional strength, formability and toughness.
The materials used in this work include conventional mild steel and ABAQUS
commercial software. Simulation and modeling of the proposed deformation and ECAP
techniques were done using finite element based-method (FEM). The results obtained
indicate that the desired performance index of the metal is dependent on the state of the
metal prior to ECAP and the degree of deformation.
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1. INTRODUCTION

Properties of engineering materials are of great importance in engineering
practice. An engineering material cannot perform in practice beyond its
capability, which is a function of its properties. A material may be preferred,;
owing to its superior property over its contemporary materials. Three basic
properties of metals (strength, toughness and formability i.e. ultra-plasticity,
ability of a material to be deformed plastically without deformation defect) are of
great importance to many engineering applications particularly in automobiles.
But in practice, these three fundamental properties have not been achieved in one
metal, due to the technical disparity existing in metals with varied grains sizes.

Hall and Petch (1951), Segal et al. (1981), Valiev et al. (1991) and Iwahashi et al.
(1998), proved the assertion that metal’s strength/hardness have a direct
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correlation with its grain size. Materials’ properties such as the strength/or
hardness of metals increases as the grain sizes decreases.

One of the major research-focused areas in materials engineering in recent times
is the application of grain refinement of metals to achieve high strength,
toughness and formability in a metal (Halfa, 2014). Interestingly, metals such as
steel have gained wide industrial applications especially in automobile industries
due to its high strength and high toughness, in other words reliability. The major
issues associated with steel are weight related challenges such as green-house-gas
(GHG) emission, lack of fuel economy, etc. This has led to decrease in the use of
steel in automobiles, and its substitution is at the expense of high reliability.

However, the steel could be processed through grain refinement and in turn
overcome the weight-strength issues that marred or decrease its usage in
automobile. The feasibility lies for instance in a component where a 10mmthick
steel with a specified strength would have been used to ensure a particular
strength in service is available, approximately half the thickness of that steel with
fine grains and accompanying greater strength could as well be used without
compromising the strength, hence overall weight reduction is feasible with
ultrafine grained steel (UFG).

Conventional methods of producing ultrafine grained steels includes: micro-
alloying (Pickering, 1990 and Korczynsky, 1988), heat treatment (Sellars and
Whiteman, 1979; Grange, 1966; and Wada and Eldis, 1982), advanced thermo
mechanical processes (Zhao et al., 2011; Niikura et al., 2001; Najafi-Zadeh et al.,
1992; and Ueji et al., 2002), large-strain warm deformation (Hanamura et al.,
2004; and Sellars and Whiteman, 1979), rapid cooling and short interval multi-
pass hot rolling (Toshiro et al., 2008), and powder consolidation (Halfa,2014).
These techniques even though have been well developed are unsuccessful owing
to technical challenges such as contamination, porosity, high cost, high pressure
and lengthy heat treatment associated with them, and inability to develop bulk
metals that are applicable to engineering structures. On the other hand, the SPD
techniques (Valiev et al., 2003; Alexandrov and Valiev, 2001; and Stolyarov et
al., 1999) have the capability of producing bulk nanostructured materials that are
large enough for structural applications. Equal channel angular pressing (ECAP)
is one of the outstanding SPD techniques that has been extensively studied. Its
attractive procedure for many reasons, according to Segal et al. (2004) consists of
its ability to be applied to fairly large billets and billets of different shapes and
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cross-sections such as bars, rods, sheets, strips or flat plates (Segal et al., 2004;
Bridgman, 1952; and Saunders and Nutting, 1984).

Since the introduction of ECAP process by Segal et al. (1981) the process has
undergone so many modifications in the design of the die, the processing routes,
and the use of other experimental and analytical parameters (Azushima et al.,
2008; Langdon, 2011; Sanusi and Oliver, 2009; Alexander, 2007; Mishra et al.,
2005; Rhodes et al., 1997; Mishra and Ma, 2005; Beygelzimer et al., 2004,
Varyutkhin et al., 2006; Richert et al., 1999; and Valiev et al., 1991), in other to
produce a material with superior properties through grain refinement. To convert
a coarse-grained solid or bulk material into a material with nano-sized grains, it is
technically necessary to impose an exceptionally high strain. This aids in
introducing a high density of crystals dislocations, which subsequently re-
arranged themselves to form an array of grain boundaries (Segal et al., 2004).
From foregoing, conventional SPD process together with the modified techniques
have been used by researchers to achieve grain size reduction from coarse to UFG
level. The target however, is to obtain nano-scale grain-size, through appropriate
modification that is received to attain novel nano level (< 50nm). This study is
however apprehensive of the following difficulties such as limitations on the
overall strains that may be imposed on the material via these procedures on one
hand. Theses trains to be imposed on the materials using the technique may not be
large enough to introduce nanostructures due to constraints associated with the
overall workability of metallic alloys at cryogenic, ambient or relatively low
temperatures (Segal et al., 2004).

According to Iwahashi et al. (1997), regardless of the attention given to the
principles of ECAP (Segal et al., 2004) and its areas of applications (Iwahashi et
al., 1997 and Segal et al., 1981), there exists the issue of estimating the magnitude
of strain introduced into the samples using the ECAP technology. Some earlier
assumptions concerning analytical estimation of strain were made in error and
these were identified by Wanget al., (2013). Iwahashi et al., (1997) assuaged the
incomplete information by deriving equations that could be used to estimate the
magnitude of strain induced in a material, considering different die geometries,
such as die (@) angles and angles of curvature (V). They used the first principle to
slot in ¥ in their analysis, which enabled them to derive a general equation
solution for strain estimation.

Numerical simulation for the estimation of magnitude of strain inducement in
metals offers more accurate information, as the amount of strain imposed per
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discretized finite element could be obtained. The total and/or overall strain
introduced into the metal can be evaluated. More also, the distribution of strain
across the metal could also be presented with the aid of numerical spectrum.

Finite element method (FEM) simulations are helpful to estimate some correct
parameters of ECAP device and pressing process such as geometrical parameters,
the pressing speed of the ram, pressing temperature or load displacement curve
(Sanusi and Oliver, 2009; and Valiev, 2003).The effects of pressing temperature
on ultra-fine formation during hot ECAP is still a matter of intense debate.
Consensus is however yet to be reached (Krishnaiahet al., 2004; and Sanusi and
Oliver, 2009). The pressing temperature is a key factor in ECAP technique for
determining and developing a material’s microstructure. Yamashita et al. (2000)
found that increasing the deformation temperature gives rise to increase in grain
size with a corresponding decrease in the misorientation of strain-induced
boundaries. Kommel et al. (2007) reported increase in ductility of UFG materials
during low temperature annealing. Nevertheless, there is still dearth of
information on the most appropriate ECAP processing temperature to date.

Table 1: SAE 1010 Compositional Analysis
Elements Fe C Mn P S Si
Content (%) 99.48 0.10 0.35 0.038 0.045 0.07

In this study, an attempt is made to establish, the appropriate processing
temperature condition on the basis of the magnitude and distribution of imposed
strain, a real-life simulations of plastic deformation through pre-deformation
rolling of the specimen at room temperature to obtain a reasonable amount of
strain in the material prior to entering the ECAP cavity with pre-determined die
geometry. This novel method will offer many possible advantages, as most
suitable approach to maximize volumetric strains inducement into the material. It
is also possible to process different shapes of specimen, including bars, rods,
sizeable sheets, strips, etc., via this method.

2. METHODOLOGY

The material used in this study was SAE 1010steel which has percentage
compositional analysis as contained in Table (1)with dimension of 200mm x
30mm.

In the modified ECAP setups, the material was deformed using cold rolling to
approximately 6 percent reduction, prior to ECAP. The die angle was maintained
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at angle 90°while the curvature angles were varied from 0° to 20° due to their
proven capability of yielding maximum strain inducement. The setup with die
angle 90°and curvature angle 20° was chosen as reference point.

The 2-dimensional schematic diagram of the model shown in Fig.(1) depicts the
conceptual pre-deformation and ECAP technology.

1 4

l‘ .
W=0° ordmm

Figure 1: The conceptual pre-deformation and ECAP (P-ECAP) setup

The numerical modeling and simulation of the conventional rolling process, and
ECAP setups with and without pre-deformation were conducted using the
commercial ABAQUS software 6.13.1 version (SIMULIA, 2013). To obtain
some useful simulation data, quasi-static tension experiments were carried-out at
room temperature using MTS servo hydraulic machine which has an actuator of
11-kip rating. Calibrated load cell and extensometer attached to the MTS Servo
hydraulic machine were used to measure the corresponding load and estimate the
strain values.

The ECAP setup with pre-deformation was carried out at different pressing
temperature conditions (0.75T, 0.5Ty, 0.35Ty, 0.3T,,0.25Ty, 0.15Ty, 0.1Tq,
and room temperature, 25°C), considering the basic elastic, plastic and thermal
properties of steel.
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Table 2: Material’s Properties Considered During Simulation

Mechanical Values Thermo-Physical Properties Values
Tensile strength, Ultimate 390 Thermal expansion co-efficient 122
(MPa) (Lm/m°C) :
Tensile Strength, Yield (MPa) 299 Thermal conductivity (W/m-K) 49.8
Elongation (%) 10 Specific heat Capacity (J/Kg-K) 460
Elastic modulus (GPa) 200 Melting Temp °C 1506
Poisson ratio 0.29 Density (Kg/m®) 7700

I1l. RESULTS AND DISCUSSION

The results of the quasi-static tension test of SAE 1010 steel at room temperature,
is shown in Fig. (2) as stress-strain curve as well as the evolved microstructure.
Table (2) comprises some of the materials mechanical properties obtained from
quasi-static tension test, as well as the physical properties used for simulation.
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Figure 2:  Elastic — Plastic behavior of SAE 1030 Steel used at room temperature. Stress —
Strain curve (a), and Optical micrograph at 100X magnification

The results of the plastic equivalent strain (PEEQ) inducement activities of mild
steel at low and elevated temperatures is presented in Fig.(3). The low
temperature shows a consistent higher values of strain across the discretized finite
element number up to one thousand one hundred (1,100). The trend of strain
inducement activities with this low temperature maintained a sinusoidal pathway,
throughout the heated domain.
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Figure 3: The level of strain inducement on discretized finite elements at the lower and
upper bainitic temperatures on P-ECAPed specimen

The result of the overall comparison and analysis of the PEEQ achieved in the
specimen at varied deformation temperatures is presented in Fig. (4). This figure
shows total compliances to Fig. (5) which portrays that the higher the deformation
temperature the lower the overall PEEQ in metals. Consistent sinusoidal trend of
temperature activities is seen in the modified ECAP at 0° and 20° curvature
except at between discretized element 1100 and 1400 in which there is sudden
increase in PEEQ values of modified ECAP at 0° curvature for 0.35T, and 0.5T,
temperature (Fig. 6). This could be attributed to the grain growth at elevated
temperature.
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Figure4: The level of strain inducement across discretized finite elements at varied
temperatures on P-ECAP at 0° curvature

Figure 4 contains a comparison of PEEQ inducement achieved through both pre-
deformation, and modified ECAP at curvature angle 0°. The trend of activities
shows that the PEEQ inducement decreases in pre-deformed specimen from the
first element up to about element (250) before it tends to increase and eventually a
bit and consolidates at element (750). Thereafter, it upshot and came down to
form a sinusoidal up at element (1350). On the other hand, modified ECAP at
curvature angle 0° have a similar trend from origin up to element (100) before it
started increasing and decreasing in magnitude of PEEQ inducement, thereby
forming a sinusoidal trend up to element (1100), and then began to decrease. The
trend of both activities shows that a likely combination of both technologies can
emerge between the different processes. The interwoven nature is significant and
this is observable between element (350) and element (1400). Hence, a
combination of pre-deformation and ECAP processes is viable for tailoring strain
inducement.
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Figure 5: Maximum PEEQ obtained in various strain inducement techniques at varied
temperatures

ECAP without pre-deformation has the least overall PEEQ inducement (Fig. 6).
This is obvious throughout the activity trend, at the discretized simulation element
(500) when the PEEQ values of both ECAP setups were close. Thus, the modified
ECAP setups in discourse are feasible and amenable to obtaining huge
inducement of plastic strains in metals, as can be seen in Fig. (5).Evidently in Fig.
(5), the average magnitude of PEEQ inducement achieved is approximately
(2632), while the minimum overall magnitude of strain inducement (1820)
achieved is obtained only in pre-deformation process. The maximum strain
inducement was obtained on the sample processed with the modified ECAP at
curvature angle 0° at room temperature with overall strain value of (3,130),
followed by the sample processed with modified ECAP at curvature angle 20° at
room temperature with overall strain record of (2,950). On the other hand, the
PEEQ inducement recorded at varied temperatures, of 0.15T,, 0.25T,, 0.35T,
0.5Tn, to 0.75Ty, have the strain values as (3,060), (2,850), (2,800), (2,780), and
(2,450), respectively. The results indicate that the lower the degree of hotness of
the specimen, the higher the amount of grains imposed in the material, and this
agrees with the report of (Hanamura et al., 2004 and Beygelzimer et al., 2004).
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This assertion could be attributed to the fact that strain relaxation occurs in metals
at high temperature levels, hence, cold deformation condition is most appropriate
in achieving maximum strain inducement, with resultant grain refinement in
metals.
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Figure 6: Strain inducement across discretized finite element specimen subjected to

conventional ECAP and P-ECAP (at 0° and 20° curvature), all at room
temperature
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At room temperature, Figs. (8 and 11) juxtapose the prevailing respective
activities of simulation and numerical PEEQ data, realized through the modified
ECAP (at constant die angle 90° and curvature angles: 20° and 0°).

The modified ECAP at curvature angle 0° has a higher sinusoidal trend. The
difference in PEEQ inducement between modified ECAP setups is approximately
6%, which indicates that both the modified ECAP at curvature angle 0° and 20°
are capable of achieving reasonable high PEEQ inducement. In a nutshell, the
higher PEEQ inducement of the modified ECAP at curvature angle 0°, the higher
is the load requirement. This is as a result of the 0° barrier that needed to be
overcome for the material to be deformed via the die cavity. Conversely, at 20°
curvature, the load requirement is lesser (6 %). These modified and viable ECAP
techniques required models that would numerically validate the authenticity of its
activities.
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Figure 8: Comparison of strain inducement achieved through P-ECAP at 20° and 0°
curvature, both at room temperature
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Figure 10: Evaluation of strain inducement achieved through P-ECAP at 0° at room
temperature with its numerical model
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Figure 11: Evaluation of numerical models for strain inducement achieved through P-
ECAP at 20° and 0° curvature at room temperature
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NUMERICAL MODEL

The polynomial regression of the model was evaluated by statistically computing
both the coefficient of determination, or R-Square (written as R?) Eq. (1) and the
refinement statistic, adjusted R? which does not include any penalty for the
number of terms in a model. The R’statistics value ranges from 0-1 and it
measures the usefulness of the model. The model is a poor predictor if the value
of R? is closer to zero, but excellent as it approaches 1, (Tofallis, 2015 and
MathWorks, 2013).

R = (D Gi=9%/) 0:i-9?) (1

Where, v;.¥,and ¥, are the actual simulation generated data, mean of the actual

simulation generated data, and the forecasted or modeled data respectively.
Alternatively,

2= 1_55r93id2!;55PEEQ [:13:]
While, adjusted R* = 1— (R*/SSpzz0) = (n— 1) /(n—d — 1))(2)

Where, S55,_..zs the total sum of squares of  residuals,
Residuals is the Ypggg — Vyogerr SSpesg 1S the total sum of squares of
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dependent variables, n is the number of independent variables, and dis the degree

of polynomial. The model equation and the resultant graphs which most suitably
and appropriately describe the simulations are generated using high programming
tools of MathWork (2013) and are presented in Egs. (3) and (4).

Pre-deformation and ECAP (with angles: 90° die and 0° curvature) numerical

curve equation of best fit of 8" polynomial can be expressed as:

y = 0.96073*z2° + 0.27921*z" - 3.7806*z° - 0.97421*z° + 4.4118*z* +
0.92653*2° - 1.7267*2°-0.034406*z + 2.2544 (3)

Pre-deformation and ECAP (with angles: 90° die and 20° curvature) numerical

curve equation at 8" polynomial can be expressed as:

y = 0.96073*z% + 0.27921*z" - 3.7806%z° - 0.97421*7°> + 4.4118*7" +
0.92653*7° - 1.7267*2° - 0.034406*z + 2.2544 4)

where z = (X - 750.5)/475.78 for both Egs. (3) and (4).

The above 8™ polynomial Egs. (3) and (4) were chosen, based on the values of the
coefficient of determination, simple R* which are above 98% for both grain
inducement techniques and its refinement, adjusted R? that confirms the adequacy
of the model as contained in Table (3), and Figs. (8) and (9). The high level of
curve fitting in existence between the raw simulation curve and forecast
numerical model curve were demonstrated in Figs. (9) and (10) for the modified
ECAP setups.

Table 3: Different R and Adjusted R? values from Various Polynomial
Equations for two ECAP Processing Angles

Degree of Simple
ECAP Angles _ Polynomial (th)  SSresiguats  SStetal R’ Adjusted R?
6 0.7085 2.3359  0.7851 0.6419
90° die and 0° 7 0.6804 2.3760 0.8052 0.6347
curvature 8 0.1891 2.8114 0.9873 0.9728
9 0.1843 2.8122 0.9879 0.9698
6 0.8943 7.4308 0.8924 0.8206
90° die and 20° 7 0.8413 7.5219  0.9059 0.8236
curvature 8 0.3587 8.1077 0.9841 0.9660
9 0.2406 8.1742  0.9929 0.9823
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To evaluate the degree of accuracy of the models developed as captured in Figs.
(9, 10 and 11), the statistical Mean Absolute Deviation Percent (MADP) (Math
Works, 2013 and www.vanguardsw.com/business-forecasting). [48 and 49] was
used. The MADRP is represented in equation (5)
5.=Zi:1|NE 5i|[5]
‘ r=115:]

Where S; is the actual simulation value of the strain being forecast, N is the
forecasted numerical model values, and nis the number of different Finite
Simulation Discretized Element Numbers considered. The total percentage
deviation, (&) of all the strain induced in the sample is given as:

5=iai (6)

Furthermore, the arithmetic mean (&) of the total percentage deviation is obtained
using:
5—» — E?=1 5:’

T

(7)

From the analysis, the accuracy of the model is obtained by:
Accuracy = (100 — 5%)(8)

Table 4: The Statistical Mean Absolute Deviation Percent of the pre-
deformation and ECAP (with 90° die and different angles of curvature)

ECAP Angles Statistical Mean Absolute Deviation Percent (MADP) Statistical R-Square
(]
g = E 8, = 2%, 8, Accuracy range ) )
d=— 3 o Simple Adjusted
i=1 n (100 - 0) (%) R2(%) R%(%)
0 A 0
80" die and 20 56.39372 3.524608 96.47539 98.41 96.60
0 A 0
90" die and 0 32.65851 2.041157 97.95884 98.73 97.28

curvature

From Tables (3 and 4) it could be deduced that the models for the modified ECAP
setups (with die 90°, and curvatures 0° and 20°) have high confidence level, more
than 96%. Hence, the degree of accuracy of the model is more than 96 %.

Notwithstanding, the experimental investigation and evaluations to validate the
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assertions made in this study is underway, and the results will be uncovered in
subsequent publication.

Figures (12-20) contain the simulations contour which describes the orientation
and distribution of the plastic equivalent strains (PEEQ) induced in the specimen.
In all, it obvious that the PEEQ distribution starts from outer surface and cascades
toward the center of the specimen, where the PEEQ from both sides will
eventually meet. Furthermore, the modified ECAP uses mechanical forces to
induce PEEQ on the specimen, as the specimen’s surface that had contact with the
ECAP die angle 90° experiences mechanical compressive force from surface of
the specimen toward the center. The specimen’s surface on the other hand, that
had contact with the ECAP die angle 0° or 20° experiences mechanical tensile
force, also from surface of the specimen toward the center.

PEEQ
(Avg: 75%) Y PEEQ

Max: +2.567e+00
vy Elem: BLANK-1.15
4 Node: 16

[ priansa . (A
Figure 12: Simulation strain contour for ~ Figure 13: Simulation strain contour for ECAP

pre-deformation without ECAP without pre-deformation at room
at room temperature temperature
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Figure 16: Simulation strain contour for
P-ECAP at 0° curvature at 0.15T,
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Figure 19: Simulation strain contour for
P-ECAP at 0° curvature at 0.5T,

Elomn; BLANK-1.158
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Figure 20: Simulation strain contour for P-ECAP at 0° curvature at 0.75T,,

CONCLUSION

It can be concluded that:

e  Ultra-fine grain could be induced in the mild steel through ECAP and P-
ECAP techniques

o Numerical analysis reveal that the grains induced in steel through P-ECAP
is far higher in magnitude than through the conventional ECAP techniques

e  The degree of strain inducement in steel is dependent on the processing
parameters

e  There is therefore, the possibility to obtain high performance metals at very
low temperatures via P-ECAP.
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