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Abstract

Modelling of the mechanical response of the materials using computer simulation is very useful tool to optimize their
mechanical properties. It is especially important for ultrafine-grained (UFG) materials obtained using severe plastic de-
formation (SPD) techniques. Those materials are characterized by high strength however their application on an industrial
scale is limited, first of all because of poor ductility. Proper understanding of the deformation and strengthening mecha-
nisms that govern the mechanical response of UFG materials can be the way to propose the guidelines to improve their
ductility. Application of the Finite Element Method (FEM) for calculations and modelling of the mechanical response of
UFG materials needs properly built rheological models. In the case of heavily deformed microstructures that are mostly
characterized by high inhomogeneity of microstructure and mechanical properties, existing flow stress models need to be
modified and justified to the new conditions.

The present study shows some modelling results of the mechanical behaviour of specimens subjected to severe plas-
tic deformation using MaxStrain system. Different grades of steels were examined and their mechanical response was
simulated using modified Khan-Huang-Liang (KHL) flow stress model that was implemented into Abaqus Explicit code
via user subroutine VUMAT. An effect of various deformation conditions was discussed with respect to the microstruc-
ture evolution and its influence on final mechanical properties. The methodology, using Considére criterion to assess the
plastic instability in a tensile test, was also implemented into FEM code. The comparison of the measured and calculated
results shows that presented approach can be successfully applied to the evaluation of the ductility of various materials

with different levels of microstructure refinement.
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1. INTRODUCTION

A proper description of the constitutive laws
governing the mechanical behaviour of UFG materi-
als that is based on the actual physical phenomena
occurring in these microstructures can significantly
improve the accuracy of the computer modelling
process. There are a number of well known constitu-
tive laws that describe mechanical response of the
“typical” structures (with the mean grain size range
down to 1 pm). However, the situation becomes
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much more complicated in the case of ultrafine-
grained and nanostructured materials. Such struc-
tures are mainly obtained by large cold deformation
that is followed by annealing process. This process-
ing route produces dislocation structure with a sig-
nificant fraction of low angle boundaries (LABs),
that finally transform into more stable high angle
boundaries (HABs). It has been already proven that
physical phenomena governing the deformation and
strengthening mechanisms of UFG and nanostruc-
tured materials are different comparing to their
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“typical” counterparts and still poorly understood [6,
9,11]. Therefore, proper prediction of the mechani-
cal response of UFG materials using computer mod-
elling requires that new constitutive laws will be
established or existing description will be modified.

It is also well known that UFG materials are
characterized by excellent mechanical strength [9,
11]. However, their production on an industrial scale
is still restrained by poor ductility, as necking usu-
ally occurs at low plastic strains [8,12]. Different
ways to improve plastic properties in UFG and
nanostructured materials have been already proposed
such as: creating bimodal structures, increasing the
work hardening or the strain rate sensitivity, provid-
ing the dispersion strengthening, etc [6,9-12]. One of
the fundamental sources of loss of ductility is de-
creasing rate of work hardening. The loss of ductility
corresponds to the plastic instability, which is ob-
served on a true stress-true strain curve in the tensile
test as the end of uniform elongation. The plastic
instability leads to the localized deformation and
formation of a neck [8,12]. It should be also men-
tioned, that from the point of view of the continuum
mechanics the usefulness of constructional materials
is determined by mechanical properties, which mate-
rial represents under the most demanding conditions
i.e. tensile stresses.

In the present work, UFG microstructures were
produced in two grades of low carbon steels using
MaxStrain system [5]. Subsequently, their mechani-
cal responses were studied and data from experimen-
tal results were used to calibrate flow stress model
that was subsequently implemented into FEM code.
Flow stress model used in the preset study has been
recently modified by the Authors in order to take
into consideration the microstructural effects of
heavily deformed UFG structures [7]. Simulations of
the tensile tests were performed using Abaqus Ex-
plicit [1] and the results were compared with ex-
perimental data.

The second aim of present work was to propose
an approach of ductility assessment in studied UFG
materials that can be easily implemented into FEM
code. There is a possibility to determine the point
where necking begins, providing that a true stress-
true strain curve is obtained directly from a tensile
test. The point of necking corresponds to the point of
tensile instability. The plastic deformation begins in
a tensile test when the stress in the sample reaches
the critical value. The plastic strain causes local
reduction of a cross sectional area, thus the deforma-
tion of the material will be continued when stress

increases. The necking begins with some value of
the effective strain, which can be obtained from a
true stress-true strain curve by finding the point,
where the rate of work hardening equals to the stress
or to the point on the curve of a subtangent of unity
(figure 1). This method is known as Considére crite-
rion (necking criterion) and it is expressed by the
following equation [2]:

do _

de c M

Proposed methodology due to its simplicity, can
be easily implemented into computer modelling and,
as a part of a designing chain, can be used to modify
the manufacturing process towards improvement of
final properties of UFG materials [8,10].

g © o(e)

~ do
x @

S anf / de

6 b X R

6001

28

=
L1

@
L 500
2

aQ
n
2 =

o "
30

o(€)
20

100F

Fig. 1. Determination of the tensile instability point from a
strain-stress curve.

In the present work, the above mentioned ap-
proach has been also implemented into Abaqus Ex-
plicit code (via user subroutine-VUMAT) and util-
ized for the determination of the uniform elongation
in the tensile tests simulations.

2. EXPERIMENTAL PROCEDURES

In order to test the presented approach of ductil-
ity assessment, two types of structures were devel-
oped: typical coarse-grained structure — with the
mean grain size in the micrometer range, and ul-
trafine-grained structure, with the grain size below
1 um. To assess the correlation between mechanical
response and microstructure evolution in structures,
where the solid-solution and the precipitation
strengthening play a significant role, two grades of
steels were studied: high strength low alloy steel (Y)
and, as a more ductile material, interstitial-free steel
(IF). The basic chemical compositions of the inves-
tigated steels are summarized in table 1.
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Table 1. Basic chemical composition of investigated steels.

Steel C Mn Si Ti Nb B
IF 0.0022 | 0.11 | 0.009 | 0.073 - -
Y 0.07 1.36 0.27 0.031 | 0.067 | 0.002

The typical coarse-grained structures were pro-
duced in hot rolling process. The mean grain size
was estimated (using linear mean intercept method)
to be 15 um for Y steel, and 80 um for IF steel.
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Fig. 2. Dimensions of tensile specimens used in the present
work.

Ultrafine-grained structures were obtained using
MaxStrain system, that is one of the severe plastic
deformation methods. A total strain of 20 at room
temperature was applied with subsequent annealing
at 500°C (for 1200s). The mean grain size in this
case was 600nm for Y steel, and about 1000 nm for
IF steel, respectively. Mechanical properties were
measured in the tensile test using flat specimens (see
figure 2), that were cut parallel to the rolling direc-
tion. More details concerning this methodology can
be found in Authors’ recent work [5,7].

3. RESULTS

Results of the tensile test for both investigated
steels are presented in figure 2. It is clearly con-
firmed that the strong grain refinement causes sig-
nificant increase in strength. Also the decrease in
ductility can be easily observed. The uniform elon-
gation significantly decreased with grain refinement
in both deformed materials and reached value below
10% after deformation in case of IF steel, and below
12% in case of Y UFG steel. Hence, it is very inter-
esting observation that the high strength steel (Y), in
this case, represents better ductility than IF steel. In
the initially more ductile IF steel, the drop in the
uniform elongation after MaxStrain deformation is
more pronounced than in the high strength Y steel.

a)

IF and Y steels:as received
©
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Fig. 2. Determination of the uniform elongation in: coarse-
grained (a), and ultrafine-grained materials (after MaxStrain
deformation) (b).

Fig. 3. TEM microstructures observed in IF steel (a), and Y
steel (b), after MaxStrain deformation.

TEM microstructures observed for the ultrafine-
grained materials are shown in figure 3. It can be
noticed that application of severe plastic
deformation (total strain = 20) had enabled to obtain
strong grain subdivision into cells and subgrains that
subsequently were transformed into the stable
microstructure (with the aid of annealing applied at
500°C). The volume fraction of grains with high
angle boundaries measured using electron back
scattered diffraction (EBSD) was about 50% in the
case of IF steel, and 70% in the case of Y steel. It
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can be stated that more stable high angle grain
boundaries and higher level of precipitation
strengthening have led to higher strength observed in
this steel. However, we can also expect that the
presence of precipitates and higher volume fraction
of grains with high angle boundaries (70% vs. 50%)
are the main sources of the increased ductility in Y
steel i.e. its ability to keep the increasing of work
hardening (Considére criterion).

Strain-stress data from the experimental work
were subsequently used to calibrate the model of the
flow stress that will be introduced in the following
chapter.

4. MODELLING

In order to simulate the real mechanical response
of UFG materials there is a need to use a proper flow
stress model that is able to reflect the
phenomena occurring in such structures.

model, and Considére criterion were implemented
using user subroutine (VUMAT). Calculated values
of logarithmic strain, von Mises stress, and rate of
work hardening were stored as state variables
(SDV).

In order to determine the set of material con-
stants, results from the experimental part were util-
ized and a combination of the simplex method
(Nelder-Mead algorithm) as well as optimization
procedure were used to minimize the error between
predicted and actual data. The core procedures were
commercial programs in MATLAB software. The
set of equation coefficients obtained is summarized
in table 2. The values of average misorientation an-
gle, average boundary spacing and HABs volume
fraction were calculated on the basis of the EBSD
analysis and are summarized in table 3.

Table 2. Material constants of modified KHL model (Eq.2) for investigated steels.

In the present work, the Khan-Huang-

Liang (KHL) flow stress model [4] was | Steel | M

G, b, a, k, .
MPa | nm |MPa|MPa/nm™®?

used in the simulations of tensile test. F

This model has been recently modified in 2.75

Y

0.24 | 81700 | 0.248

230 5458 2165 0.14 | 0.57 | 0.98

460 5950 21651 0.16 | 0.57 | 0.97

order to take into consideration contribu-
tion in strength from LABs and HABs separately
[7]. The final form of the model is presented below:

o= (a +MaGby[1.5bS,0,,,(1- [) +k %’f]

m N m

1+B*(1— Ing j (gp)no ( £ j [Tm —TJ 2
In D} & T, -T.

where: o - flow stress; a - friction stress; M - Taylor

factor; @=0.24; G - shear modulus; b - Burgers vec-

tor; S, - the area of boundary per unit volume (S,

=2/Dg) where Djp is the distance between HABs

measured along random lines; f - the density of
HABs, 6,45 - the average misorientation angle of

LABs; & - plastic strain; D} =10%", &"- reference

strain rate; & - the current strain rate; 7, T, T, k,
B, ng, n;, C, m - constants. At this stage of the study,
the temperature effect was not considered.
Following the experimental mechanical testing,
2D finite element models were created for analysis
in Abaqus Explicit [1]. Shell elements (S4R) were
used to mesh the models. Material behaviour was
described using linear elasticity, with isotropic plas-
ticity. A von Mises yield surface was used. Material
model together with modified KHL flow stress

Table 3. The values of 0,45, Dy and f for studied UFG specimens.

HéAB; Dg, f
eg nm

IF 6.85 1000 0.55
Y 7.15 600 0.716

Since, the criterion of plastic instability does not
take into consideration the fracture mechanisms, in
the present work, the Johnson-Cook damage model
was employed [3]. The Johnson-Cook constitutive
model is one of the models used in the numerical
simulations of processes with a high strain rate and a
heavy plastic deformation and is expressed as:

& | +D,exppo’ |[1+D, 108 |1+ D] 3)

r

. . * (o2
where: &’ - equivalent strain to fracture; 5" = = -
o

m
the dimensionless pressure-stress ratio; o, - the

average of the three normal stresses; & - von Mises

equivalent stress; g~ - ¢ - dimensionless strain
P
0

. —1 .
rate. £, =1,0s - reference strain  rate

T* _ T_TROOM

homologous  temperature

T, MELT Y;QOOM
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D,,D,,D,,D,,D; - material constants taken from

[3]. Equation (3) takes into consideration the strain
to fracture dependence of stress state, strain rate and
temperature. The strain to fracture decreases as the

mean stress, o, , increases. However, at this stage

m?o
of the work, fracture criteria and its parameters were
not analysed and its usage was only limited to termi-
nate the simulation when fracture occurs.

a)
IF steel - after MaxStrain:
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measured
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Fig. 4. Comparison of calculated and measured tensile curves
for IF steel (a), and Y steel (b).

Figure 4 summarizes the results of the strain-
stress curves calculation using the modified KHL
model (equation (2)) compared with the experimen-
tal results. The good convergence of the model can
be observed for both materials. In figure 5, values of
the rate of work hardening vs. true strain calculated
in Abaqus Explicit were plotted and compared with
experimental data. As it was already mentioned,
basing on a true stress-true strain curve and using
criteria of plastic instability, there is an opportunity
to determine, in unequivocal way, the field of the
uniform elongation by Considére criterion.

Uniform plastic deformation occurs as long as
the true stress is below the value of work hardening

do
rate (d_ < o). When these quantities are equal, the
€
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Fig. 5. Comparison of calculated and measured uniform elonga-
tions after MaxStrain deformation; IF steel (a), and Y steel (b).

E,c - calculated uniform elongation, &, - measured.

uniform deformation stops and necking begins.
Comparing measured and calculated values of the
uniform elongation it can be noticed that values
calculated in Abaqus are slightly lower from those,
calculated from the tensile tests. In VUMAT, neck-
ing criterion calculations are based on the maximum
principal values of stress and strain, o(1) and &(1),
respectively. However, the corresponding curves,
calculated from the real tensile tests are based on
equivalent stress and equivalent stress (note: the
cross sections of the specimens were rectangular).

Figure 6 shows the onset of necking in tensile
test simulations for Y steel. Dark elements of the
mesh represent the values of the rate of work hard-
ening (that are below actual values of stress). These
elements are related to the places in the material
where onset of necking has just occurred. As it can
be visible in the subsequent time steps, these regions
are moving into the middle part of the specimen and
concentrating there, what reflects the strain localiza-
tion in the real tensile test.

-89 —

Ll
O
Z
=
0
%)
%]
—
<
4
=
<
=
Z
%)
a)
o
T
&
=
e
=
>
o
=
o
v




l
O
Z
=
)
%]
%]
—
<
&2
=
=
Z
%)
(@)
Q
I
&
=
a2
ol
=
2
[
=
Q
o

INFORMATYKA W TECHNOLOGI MATERIALOW

a)
Y as received _
Time=90 s SReaaRE
, ]
1\ i jsia
Time=90.5s inenEnE
T
t 1\ H
BES Time=91s SEEea
rHH
1T
b 111 H
Time=91.5s -
EEE | 1]
T
b)
meaE Y after MaxStrain eeeeas
Time=42.5s =m
1 T
- v FH
_——rl‘\—r\ ’ll
I EERAE I=I=l=TEY;
Time=43 s Siseans
Eiis i
AR 1
mmas: Hi
'J’II T 651 {7 § . AT R T
H Time=435s A
St S
il B 5
1| l‘\_r\ i Illl T
] {2 ) 2 R R 7 121 (1 I 1
H il . A Y Y G -
Time=44 s ase
; £ mum
5 A 0 T VA i

Fig. 6. Fig. 6. An example of calculations showing onset of
necking in subsequent simulation time steps (dark elements

do
represent values of — < o ) in Y steel: as received (a), and

after MaxStrain deformation (b).
5. CONCLUSIONS

It the present study, modified form of the KHL
flow stress model was used together with plastic

instability criterion in the computer modelling proc-
ess of the mechanical response of UFG structures.
Results of calculations show very good accuracy
with data obtained from experiments. Therefore, it
can be concluded that presented approach can be
successfully used for the prediction of the mechani-
cal response of the materials subjected to deforma-
tion process by the means of SPD, with high micro-
structural and mechanical inhomogeneity, where
dislocation and substructure strengthening is signifi-
cant. In the future work, our focus will be made on
improvement and proper calibration of the Johnson-
Cook damage model. This will give us a complex
tool that will be able to model correctly both
strength and ductility of UFG structures. Taking into
account that ductility, strain rate and deformation
mechanisms are strictly connected to each other,
there is a possibility to improve the ductility in UFG
materials by the proper use of their synergetic effect.

ACKNOWLEDGEMENTS

The financial support of Polish Ministry of Sci-
ence and Higher Education is gratefully acknowl-
edged (project no. N508 3812 33).

REFERENCES

1.  ABAQUS Analysis User’s Manual, Hibbitt, Karlsson &
Sorensen, 2003, Pawtucket.

2. Dieter, G.E., Mechanical Metallurgy, McGraw-Hill, Bos-
ton, MA, 1986.

3. Johnson, G.R., Cook, W.H., Fracture characteristics of
three metals subjected to various strains, strain rates tem-
peratures and pressures, Eng. Fract. Mech., 21, 1985, 31-
48.

4. Khan, A.S., Suh, Y.S., Chen, X., Takacs, L., Zhang, H.,
Nanocrystalline aluminum and iron: Mechanical behavior
at quasi-static and high strain rates, and constitutive mod-
eling, Int. J. Plast., 22, 2006, 195-209.

5. Muszka, K., Wplyw rozdrobnienia struktury na mecha-
nizmy umocnienia stali niskoweglowych odksztalcanych
plastycznie, PhD thesis, AGH, Krakow, 2008 (in Polish).

6. Muszka, K., Majta, J., Hodgson, P.D., Study of the grain
size effect on the deformation behavior of mciroalloyed
Steels, Proc. Materials Science and Technology 2007, De-
troit, 6, 2007, 3942-3953.

7. Muszka, K., Majta, J., Hodgson, P.D., Modeling of the
mechanical behavior of nanostructured HSLA steels, ISIJ
Int., 47,2007, 1221-1227.

8. Ohmori, A., Torizuka, S., Nagai, K., Strain-hardening due
to dispersed cementite for low carbon ultrafine-grained
steels, ISIJ Int., 44, 2004, 1063-1071.

9. Ponge, D., Song, R., Raabe, D., The formation of ultrafine
grained microstructure in a plain C-Mn steel, International
Symposium on Utrafine Grained Steels 2007, Kitakyushu,
2007, 2.

-90 -



INFORMATYKA W TECHNOLOGI MATERIALOW

10. Sabirov, 1., Estrin, Y., Barnett, M.R., Timonkhina, I.,
Hodgson, P.D., Enhanced tensile ductility of an ultra-fine-
grained aluminium alloys, Scr. Mater., 58, 2008, 163-166.

11. Song, R., Ponge, D., Raabe, D., Speer, J.G., Matlock, D.K.,
Overview of processing, microstructure and mechanical
properties of ultrafine grained bec steels, Mater. Sci. Eng.,
A 441, 2006, 1-17.

12. Tsuji, N., Takata, N., Ueji, R., Koyama, H., Fabrication of
multi-phase ultrafine grained steels for managing both
strength and ductility, International Symposium on Ul-
trafine Grained Steels 2007, Kitakyushu, 2007, 5.

WLASNOSCI MECHANICZNE MATERIALOW
ULTRADROBNOZIARNISTYCH WYTWORZONYCH
TECHNIKA SPD —- MOZLIWOSCI MODELOWANIA

Streszczenie

Modelowanie wiasnosci mechanicznych materialow z wy-
korzystaniem symulacji komputerowej stwarza bardzo dobre
narzg¢dzie do ich optymalizacji. Wydaje si¢ to by¢ szczegdlnie
istotne dla materialow o strukturach silnie rozdrobnionych
uzyskanych na drodze silnej akumulacji odksztalcenia plastycz-
nego (SPD). Materialy te charakteryzuja si¢ bardzo wysoka
wytrzymatoscia. Ograniczeniem ich zastosowania w skali prze-
mystowej sa jednak ich niskie wlasnosci plastyczne. Zrozumie-
nie mechanizméw odksztalcenia i umocnienia, dziatajacych
w tych materiatach jest kluczowe dla poprawy ich wlasnosci

plastycznych. Wykorzystanie w tym celu metody elementéw
skonczonych wymaga poprawnie zdefiniowanego modelu re-
ologicznego. W przypadku struktur silnie rozdrobnionych cha-
rakteryzujacych si¢ glownie duza niejednorodnoscia mikrostruk-
tury i wlasnosci mechanicznych, konieczne jest zaproponowanie
nowych, badz zmodyfikowanych modeli naprgzenia uplastycz-
niajacego.

Przedstawione badania dotycza modelowania wlasnosci me-
chanicznych materiatdbw poddanych silnemu odksztalceniu
plastycznemu z wykorzystaniem systemu MaxStrain. Analizie
poddano rézne gatunki stali, a do reprezentacji ich wlasnosci
mechanicznych wykorzystano zmodyfikowany model naprgze-
nia uplastyczniajacego Khan-Huang-Liang (KHL). Model ten
zostal zaimplementowany do programu Abaqus Explicit (za
pomoca procedury uzytkownika VUMAT). Poddano dyskusji
wplyw réznych warunkow odksztatcania na rozwdj mikrostruk-
tury oraz na koncowe wlasnosci mechaniczne materiatu. Do
oceny wlasnosci plastycznych w probie rozciagania wykorzy-
stano model oparty o kryterium niestabilnosci plastycznej (Co-
nsidére). Poréwnanie wynikéw symulacji z wynikami z rzeczy-
wistej proby rozciagania dato dobra zgodnosé, co wskazuje, iz
zaprezentowane rozwigzania moga by¢ z powodzeniem wyko-
rzystane do oceny wilasnosci plastycznych materiatow ultrad-
robnoziarnistych wytworzonych technika SPD.
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