
��

��������	
���
�����
�
���	�������	�������� ���� ���������� �

� �����	
�������	
�����

���
������
�������
��
������
�����������
���
 ���������
!�"#����
�������	
$%&

'��(������
��
�������
���
)���������	
!����*	
������

"�������+"�������������#�

"�,��+"���������
����#�

-"��.-�+"�������������#�

����-�
�����/�-�012�.�����	
3����.
��,����	
1�.��.���
���.-����

�������������	
���	
������
�	���
	������

������
�
���������������

Notation:

A – constant 

b – Burger’s vector, nm, μm, mm, cm 

B 
– a coefficient dependent on the chemical composition and strain rate and directly  
   correlates to the stage of austenite decomposition 

c1…5 – Zerilli – Armstrong model’s constants 

d – grain size, μm, mm 

D – Cowper–Symonds coefficient 

f – the volume fraction of precipitates (for Nb-microalloyed steels: f = 1.13⋅10–4[Nb]) 

G – shear modulus, MPa 

K – microstructural stress intensity, MPa 

k – Boltzmann’s constant, J/K 

Kp – dispersion strengthening contribution coefficient 

ks – constant associated with subgrain boundary strength 

Δl – the distance between dislocation barriers 

M – orientation factor 

[M] – chemical composition 

n – hardening exponent 

P – constant dependent on ferrite grain size, MPa 
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The microalloyed HSLA and Ti-IF steels aimed for automotive industry have been of
great interest for many years for the sake of their promising high strain rate performance
with a high-energy absorption. The dynamic behavior of such materials is still the subject of
extensive research. The steel hardening results from different strengthening mechanisms.
The situation is more complex, whenever high strain rate of deformation is applied. It is
difficult to describe material behavior during deformation at high strain rates using general,
“universal” method of analysis. For example, mechanical twinning as a plastic deformation
mechanism should be considered in addition to dislocation motion. The proper description
of correlations among high strain rate and mechanical and microstructural behavior of the
material are very important issues, not only because of the final products implementations,
but also with respect to the manufacturing process. It has been determined that in many
metal forming processes (drawing, rolling of long products, forging) the strain rates in the

p – Cowper–Symonds coefficient 

T – temperature, K 

TD – deformation temperature, oC 

TS – austenite-ferrite transformation start temperature, oC 

ov  – the limiting dislocation velocity, cm/s 

w – constant (for most of the Nb-steels: w = 0.3) 

W0 – energy characterizing the thermal activation process, J 

X – volume of newly formed ferrite 

ε  – strain 

aε  – accumulated strain  

ε�  – strain rate, s–1 
κ  – the mean planar intercept diameter of the precipitated particles, nm 

ν  – Poisson’s coefficient  
ρ  – total dislocation density, m–2, cm–2 

0ρ  – dislocation density of annealed material, m–2, cm–2 

σ – stress 

σa – athermal stress; MPa 

σd  – dynamic stress; MPa 

σp  – precipitation strengthening; MPa 

sσ  – quasi-static stress; MPa 

sgσ  – substructure strengthening; MPa 

� – misorientation angle, o 
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deformation zones are very high (up to 4000 s–1). It is, therefore, clear that the influence of
strain rate in modeling of such metal forming processes should be taken into account. There
is a number of ideas that have been proposed and successfully employed to describe the
mechanical behavior and microstructural evolution as a function of strain rate. The purpose
of this paper is to present the mechanical and microstructural response of microalloyed
steels subjected to dynamic (i.e. at very high strain rates, not considering mass forces) de-
formation in cold forming conditions.

�� 	��	���	��
������	���	�

Axisymmetrical compression tests were performed in order to study the effect of high
strain rates on the material mechanical and microstructural behavior. The compression tests
were carried out under various strains and strain rate conditions at room temperature. The
evolution of the microstructure, as well as the mechanical response of the material affected
by the strain rate, strain and generated heat, were observed and analyzed. The tests were
performed using the tensile-compression testing machine (strain rate = 0.001 s–1), drop-
weight (strain rate = 200, 400, 600, 800 s–1), Schenck servo-hydraulic compression testing
machine (strain rate = 150 s–1) and the Split Hopkinson Pressure Bar (strain rate = 2500 s–1).
The tests scheme and the basic chemical compositions of the investigated steels (in wt. 6)
are shown in Figure 1a and Table 1, respectively.
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Steel C Mn Si Al Ti S N P Nb B 

Ti-IF 0.0022 0.112 0.009 0.037 0.073 0.006 0.0034 0.009 – – 

HSLA 0.067 1.3 0.34 0.037 0.024 0.006 0.0054 0.015 0.076 – 

Nb(Y) 0.07 1.36 0.27 0.02 0.031 0.006 0.0098 0.015 0.067 0.003 

Nb(X) 0.1 1.5 0.25 0.029 0.113 0.009 0.011 0.014 0.05 0.032 
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The transmission electron microscopy (TEM) was used to examine the microstructures
of investigated steels after dynamic compression tests. The place of taking a specimen for
TEM is shown in Figure 1b. Finally, hardness measurements (HV5) were carried out using
Zwick hardness tester.

 � �������

In the present analysis, the application of a wide range of strain rates makes possible to
evaluate the strain rate sensitivity of studied materials and its influence on microstructure
evolution and, in consequence, on mechanical properties. Based on the results of present
study it can be stated that the change in loading conditions from quasi-static to dynamic
causes significant discrepancies in microstructure evolution and in the hardening of final
material. These effects are reflected in the final mechanical properties (e.g. hardness). The
discrepancies between microstructures of materials deformed under quasi-static and dy-
namic conditions can be observed in all of investigated in present study steels.
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In the samples deformed under quasi-static conditions (Figs 2a and 3a), the tendency to
form the cell structure is visible, although the cell walls are weakly outlined. The higher and
lower dislocation density areas can also be seen. It can be noticed that microalloyed steel
(Fig. 3a) shows more scattered dislocation structure. In the case of Ti-IF steel (Fig. 2b),
increased strain rate and strain cause more refined and more clearly oriented structure. Ob-
served structures are refined due to decreased spacing between the lamellar boundaries.
Dislocation cells observed in the Nb(Y) steel (Figure 3b) are smaller and more clearly out-
lined comparing to the Ti-IF steel samples. However, it should be mentioned that in this
case it is a result of coarsed initial structure of Ti-IF steel (100 μm comparing to 12 μm
grain diameter of Nb(Y) steel).
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The results shown in Fig-
ure 4 represent very interest-
ing behavior of the investigat-
ed steels. It can be seen that
influence of strain rate on me-
chanical properties is ob-
served in each case of the
tests, despite of history of
deformation process. It can be
observed that applied high
strain rate directly influences
the hardness. The chemical
compositions of investiga-
ted steels do not change this
correlation significantly. It
can not be clearly stated, at
present stage of study, that
high strain rate is the only
reason causing observed dif-
ferences in hardness measu-
rements. However, we can
suppose that high strain ra-
tes affect the dislocation ac-
tivity and finally influence on
strengthening mechanisms.
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One of the fundamental principles of thermomechanical processing is the simultaneous
use and superposition of microstructural evolution and mechanical behavior of the de-
formed material. The degree of generated defects, cracks and phase transformation is deci-
sive for the final microstructure to be continuous, partially fractured, or fully fractured. It is
well known that the yield stress in the metallic materials increases steeply above a critical
strain rate (4000 s–1 for mild steel) [2]. Following Meyers, the principle short–range barrier
is the Peierls–Nabarro stress, which is especially important for b.c.c. structures. For f.c.c.
and h.c.p. metals, dislocation forests are the primary short-range barriers at lower tempera-
tures. The different nature of these barriers is responsible for the major differences in strain
rate sensitivity between f.c.c. and b.c.c. phases.

The materials models are frequently used for extrapolation of the flow stress to very
high strain rates. However, it is generally very difficult to determine mechanical response of
the material due to the complex microstructural behavior that occurs during high strain rate
loading. There are several models enabling reasonably good description of the flow stress
which take into consideration strain rate effects.

The most frequently cited in the literature are:
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The Cowper–Symonds equation is one of the simplest model of material behavior at
different strain rates

 
1

1 pd

s D

σ ε⎛ ⎞= + ⎜ ⎟σ ⎝ ⎠
� (1)

where:
D and p – Cowper–Symonds coefficients,

ε� – strain rate,
σd – dynamic stress,
σs – quasi-static stress.

One of the limitation of this model is that it does not include temperature and strain
hardening effects. The calculated coefficients in Eq. (1) are presented in Figure 5b.

The results of calculated and measured flow stress (Fig. 5b) reflect the behavior similar
to these observed by Campbell and Ferguson (Fig. 5a). For lower strain rate a linear stress
dependence is observed. For higher strain rate (above 103 s–1) significant increase in yield
strength is exhibited.

The Johnson–Cook empirical constitutive equation is based on experimentally deter-
mined coefficients. This approach does not incorporate the structural response of deformed
material and can be replaced by dislocation-based models such as the Zerilli–Armstrong
and the mechanical threshold stress (MTS).
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In the present study, the Zerilli–Armstrong model has been chosen and modified. This
model is one of the simplest dislocation mechanics formulations and was proposed in 1987
by Zerilli and Armstrong. Authors, based on the idea of the thermally activated motion of
dislocations, proposed the microstructurally based constitutive model that is adequate for
two-phase structure and dynamic loading. Armstrong also pointed out the importance of
certain athermal effects due to grain size and related deformation twinning to be treated
separately and explicitly.

The nature of the dislocation interactions leads to different forms of equation for the
f.c.c. and b.c.c. structures. For b.c.c. metals, the motion of dislocations is governed by
Peierls–Nabarro stress and it is resulting from the interaction produced by the overall lattice
potential. This leads to a little increase in the flow stress with strain. For f.c.c. metals the
motion of dislocations is constrained by their mutual intersections leading to substantial
strain hardening.

Complete constitutive relation for f.c.c. metals is

 ( )1/ 2 1/ 2
2 3 4exp lna c c T c T Kd −σ = σ + ε − + ε +�

(2)

For b.c.c. metals an additional empirical term of the form c5εn is added to describe the
strain dependence

( ) 1/ 2
1 3 4 5exp ln n

a c c T c T c Kd −σ = σ + − + ε + ε +� (3)

To increase an accuracy of the model for b.c.c. material, the precipitation and substruc-
ture strengthening description is incorporated into it. This is especially important in the case
of microalloyed steels. Hence, Eq. (3) has a form

( ) 1/ 2
1 3 4 5exp ln n

a p sgc c T c T c Kd −σ = σ + − + ε + ε + + σ + σ� (4)

�� ��
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All constants and coefficients of modified Zerilli–Armstrong model of Ti-IF and mi-
croalloyed steels (equations (2) and (4)) are summarized in Table 2.
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Value 
Constant 

Ferrite Austenite 
Literature 

( )[ ],a f Mσ = ρ  
σa, MPa 

0  
0  

35 
45 

 
 
 
[1, 7] 

c1, MPa 1100  
1080  

– 
– 

[1, 7] 

c2, MPa – 
– 

1356  
1100 

[1, 7] 

0
3

0
ln

b v lk
c

W M

ρ Δ⎛ ⎞= ⎜ ⎟⎝ ⎠
 

( )exp   
273

s

o
A

B X
T

⎛ ⎞ρ = ρ ε ⎜ ⎟−⎝ ⎠
 

273

sA

T
⎛ ⎞
⎜ ⎟−⎝ ⎠

 represents an effect of annihilation process 

of dislocation activation during recovery process and 
depends on the parameters reflecting the quality of 
austenite and ferrite microstructure i.e. grain size, 
inhomogeneity of grain size distribution 

c3, K
–1 

0.00390 
0.00558 

0.00245 
0.00185  

 
[5] 
 
 
[8] 
 
 
 
 
 
 
 
 
 
[1, 7] 

c4, K
–1 0.000280 

0.000225 
0.000178 
0.000150 

[1, 7] 

c5, MPa 336 
131 

– 
– 

[1, 7] 

K, MPa⋅mm0.5 

 
5 
18 

23 
5 

[1, 7] 

n 0.298 
0.228 

– 
– 

[1, 7] 

σp, MPa 
 

1/ 20.538
ln

2p
Gbf

b

κ⎛ ⎞σ = ⎜ ⎟κ ⎝ ⎠
 – 

[9] 
 

σsg, MPa m
sg sk lσ =  

( )
1.6

2.1
2 1s

G b
k

θ ≅ θ
π − ν

 

1
w

S
sg a

D

T
P

T

⎛ ⎞
σ = ε −⎜ ⎟

⎝ ⎠
 

– 

[10] 
 
 
[11] 
 
 
[12] 
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Equation describing the precipita-
tion strengthening (σp) by modified
Ashby–Orowan equation (see Tab. 2)
is difficult to manipulate because it is
necessary to estimate the size of the
particles. The example of calculations
of the precipitation strengthening is
shown in Figure 6. In most practi-
cal metal forming processes of mi-
croalloyed steels, the effect of precipi-
tation can be described correctly by us-
ing the dispersion strengthening contri-
bution coefficient Kp of the alloy [13].
However, the precipitation of niobium
nitrides and carbides as well as com-
plex titanium-niobium nitrides or car-
bonitrides can be significantly modi-
fied because of the change of the stored
energy in dynamically deformed steel.

The limitation of dislocation motion and potentially increased significance of mechan-
ical twinning lead to a better (from point of view of strengthening) dislocation arrangement
in the final product. For example, the annihilation process of dislocations, typical for large
plastic deformation, is reduced. As it was concluded by Leslie [14], in ferrite structure,
strained at low temperature or at high strain rates, the edge components of dislocations can
move at higher rates than screw components. Hence, elongated segments of the latter re-
main in the structure. These screw components are unable to cross-slip at low temperatures
or high strain rates. Therefore, due to the lack of cross-slip, no cell structure is formed. This
behavior can slow down the formation of the substructure, resulting in the increase of dislo-
cation strengthening and finally increases hardness. Presented observations occur in wide
range of strains (see Fig. 4).

The comparison of calculated and
measured flow stresses is shown in
Figure 7. Presented results reflect the
ability of the modified Zerilli–Arm-
strong model to calculate the mechani-
cal response of HSLA and Ti-IF steels
under dynamic and quasi-static load-
ing conditions. It can be noticed that
the comparison indicates a good agree-
ment between calculated and measured
flow stresses. The presence of microal-
loyed elements and absence of solute
C, N in fully stabilized steels leads to
significant differences in the mechani-
cal behavior between Ti-IF and HSLA.
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Fig. 7. Flow stress as predicted by model and mea-
sured during compression tests [15]
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The various metallurgical phenomena that influence the microstructure evolution and
mechanical response of microalloyed steels under dynamic loading are difficult to deter-
mine experimentally. However, the preliminary analysis of present study enables to plan
a very precise matrix of experiments in support of future modeling of the mechanisms of
plastic flow and microstructure evolution under the dynamic loading conditions.
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Basing on the analysis of this research the following observations can be formulated:
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