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1. Introduction

Most used commercial magnesium alloys of an AZ series exhibit
a relatively high specific strength (the strength/density ratio) at room
temperature but poor mechanical properties at elevated tempera-
tures [1–4]. These alloys exhibit universally the hexagonal close
packed structure with the limited number of slip systems in the basal
plane. It strongly influences the ductility of such alloys at lower
temperatures. The ductility increases at elevated temperatures due
to possibility of the activation of non-basal slip systems.

During plastic deformation in a certain range of temperature
and strain rate, different micro-mechanisms may play an important
role. The analysis of deformation microstructures has shown that
one should consider dislocation-based mechanisms in order to
explain the deformation behaviour. It is widely accepted that the
resolved shear stress, τ, and necessary for dislocation motion in
the slip plane can be divided into two components:

τ � τi � τ*, (1)

where τi is the (internal) athermal contribution to the stress, result-
ing from long-range internal stresses impeding the plastic flow and
the effective shear stress, τ*, acts on dislocations during their ther-
mally activated dislocation motion. The mean velocity of disloca-
tions, v, is connected with the plastic shear strain rate by the Orowan
equation:

γ� � ρm bv . (2)

In polycrystalline materials, the resolved shear stress, τ, and
its components are related to the applied stress, σ, and its corre-
sponding components by the Taylor orientation factor ψ: σ � ψτ.
A simple relation between the resolved shear strain rate and strain
rate is γ � ψε, then the flow stress 

σ � σi � σ*. (3)

The internal stress component σi is done as 

σi � αGbρt
½, (4)  

where G is the shear modulus, α is a constant describing interac-
tion between dislocations, b is the Burgers vector of dislocations,
and ρt is the total dislocation density. The effective stress compo-
nent, σ*, is defined by the Arrhenius equation (5). The plastic strain
rate, ε�, for a single thermally activated process can be expressed
as:

, (5)

where ε�0 is a pre-exponential factor containing the mobile dislo-
cation density, the average area covered by the dislocations in each
activation process, the dislocation Burgers vector, the vibration fre-
quency of the dislocation line, and the geometric factor. T is the
absolute temperature and k is the Boltzmann constant. ΔG(σ*) is
the change in the Gibbs free enthalpy depending on the effective
stress σ* � σ � σi and its simple form is

ΔG(σ*) � ΔG0 � Vσ*  � ΔG0 � V(σ � σi). (6)
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Here ΔG0 is the Gibbs free enthalpy necessary for overcom-
ing a short-range obstacle without stress and V � bdL is the acti-
vation volume where d is the obstacle width and L is the mean
length of dislocation segments between obstacles. It should be men-
tioned that L may depend on the stress acting on dislocation seg-
ments.

The aim of the present work is to investigate deformation
behaviour of Mg−6Al−1Zn alloy at different temperatures and to
reveal the mechanisms responsible for plastic deformation of the
alloy at elevated temperatures. 

2. Experimental procedure

Magnesium alloy AZ63 (the nominal composition Mg−6Al−
1Zn), in wt. %, was gravity cast. Samples were deformed in com-
pression in an INSTRON 5882 machine at a constant cross
head-speed giving an initial strain rate of 2.8�10�5 s�1 over
a temperature range of 23 to 300 °C. Sequential stress relaxation
(SR) tests were performed at increasing stress along a stress-strain
curve. Duration of the SR was 300 s. Components of the applied
stress (σi , σ*) were estimated using Li’s method [5, 6]. The SR
curves were fitted to a power law function in the form:

, (7)

where a, t0 , and m are fitting parameters. 

The stress relaxation technique has been demonstrated to be
a useful experimental method for estimating the activation volume
and hence for determining thermally activated process(es). In
a stress relaxation test, the specimen is deformed to a certain stress
σ0 and then the machine is stopped and the stress is allowed to
relax. The stress decreases with time t. The specimen can be again
reloaded and deformed to a higher stress and the stress relaxation
test may be repeated. The time derivative σ� � dσ/dt is the stress
relaxation rate and σ � σ(t) is the flow stress at time t during the
SR. Stress relaxation tests are very often analysed under the assump-
tion that the stress relaxation rate is proportional to the strain rate
ε� according to [7]:

ε� � � σ� /M (8)

where M is the combined modulus of the specimen machine set.

Combining (5), (6) and (8), we have

. (9)

Taking the logarithm of this equation we get

. (10)

The stress decrease with time during the SR can be described
by the well known Feltham equation [8]:

ln ln M
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Δσ(t) � σ(0) � σ(t) � αln(βt�1) , (11)

where σ(0) � σ0 is the stress at the beginning of the stress relax-
ation at time t � 0, 

, (12)

, (13)

where ε�(0) is the plastic strain rate at the beginning of the relax-
ation.

3. Results and discussion

3.1 Internal stress

Parts of the true stress−true strain curves measured at various
temperatures are introduced in Fig. 1. Full points (depicted as
σap) indicate the stresses at which the SR tests were performed.
Figs 1a-1e demonstrate the development of the internal stress σi

with temperature. While the internal stress is at ambient tempera-
ture and 50 °C a substantial contribution to the applied stress σap.
The effective stress component σ* forms at lower temperature small
contribution to the applied stress (Fig. 1a.b) but it increases with
increasing temperature and at 300 °C is higher then the internal
stress (Fig. 1e). The internal stress depends on the dislocation
density, i.e. σi ∝ ρ½. A decrease of the internal stress indicates
a decrease of the dislocation density. In the case when the internal
stress is approximately constant or slightly decreasing with strain
(see Fig. 1c), some equilibrium between multiplication and anni-
hilation of dislocations may be considered. The decrease of the
dislocation density with temperature is also visible from Fig. 2,
where the temperature dependences of the ratio σi/σap are shown.
It should be noted that the values were estimated from SR test per-
formed at ε � 0.01. The internal stress of several magnesium
alloys was studied by Milicka et al. [9] in creep experiments. They

exp
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M V

kT

G V M0 0*
0 0

b
f v

a

fD
= -

-
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o o^ ^h h
= G

V
kT
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Fig. 2. Variation of the internal/applied stress ratio (obtained at the
strain of about 1%) with temperature. 
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found that the internal stress σi reflects the creep resistance of the
material. Experimental internal stresses determined in creep well

correspond to those determined in SR tests under comparable
testing conditions.

a) b)

c)

e)

Fig. 1. Parts of the true stress−true strain curves obtained at various temperatures. The points of σap on the curves indicate the stresses at which the
SR tests were performed: a) 25 °C, b) 50 °C, c) 150 °C, d) 200 °C, e) 300 °C.

d)
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3.2 Thermal activation

The activation volume was estimated using Eq. (11). The values
of the activation volume (as usual divided by b3) estimated at four
temperatures are introduced in Fig. 3. Four discrete decreasing
curves were observed.

The dislocation (true) activation volume Vd is obtained by the
following equation:

, (14)

where the subscripts T and s indicate that both the temperature
and the dislocation microstructure (especially the mobile disloca-
tion density) have to be constant during the test. Equation (14) is
usually used for the activation volume estimation in tests with
changes in strain rate (or machine speed). The γ�0 term is essen-
tially structure-dependent and can be expressed as

. (15)

where A is the mean area swept by the dislocation segment per
successful thermally activated event, A � V/b, νD is the Debye fre-
quency and ,c is the critical dislocation length for the thermally
activated process to occur. In the stress relaxation experiments of
polycrystals, it is only possible to record the variation of the applied
stress, σap , associated with the change in plastic strain rate (stress
relaxation rate) and to determine an apparent activation volume,
Vapp , considering the mobile dislocation density and the internal
stress as constant. The apparent activation volume, Vapp , estimated
in experiments with polycrystals is proportional to the dislocation
activation volume as Vapp � (1/ψ)Vd . Apparent (experimental)
activation volumes estimated for various temperatures are plotted
against the thermal stress σ* in Fig. 4. All values appear to lie on
one line, “master curve”. Kocks et al. [10] suggested an empirical
relation between the Gibbs enthalpy ΔG and the effective stress
σ* in the following form:

b
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, (16)

where ΔG0 and σ*0 are Gibbs enthalpy and the effective stress at 
0 K. From Eqs. (5) and (16) it follows:

, (17)

where p and q are phenomenological parameters reflecting the
shape of a resistance profile. The possible ranges of values p and
q are limited by the conditions 0 � p � 1 and 1 � q � 2. Ono
[11, 12], suggested that Eq. (17) with p � 1/2, q � 3/2 describes
a barrier shape profile that fits many predicted barrier shapes.
Equation (17) can be rewritten

(18)

and for the activation volume one obtains:

. (19)

The values of the activation volume should lie at the curve
given by Eq. (19). The fit of the experimental values (taken from
Fig. 4) of Eq. (19) gives for the activation enthalpy ΔG0 � 0.95 �
� 0.05 eV. (see Fig. 4). Similar values of the activation enthalpy
were estimated for other magnesium alloys [14, 15]. Using binom-
inal expansion in Eq. (19), the activation volume should depends
on the effective stress as Vapp ∝ (σ*)�n. Generally, the values of
the power exponent found in the literature vary from �0.5 to �1
[10]. 

The activation enthalpy ΔH = ΔG − TΔS (ΔS is the entropy)
is done by

. (20)

For polycrystals, we can measure experimentally ∂σ/∂T. Sub-
stituting from (14) into (20) it follows for the activation enthalpy
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Fig. 3. Plot of the apparent activation volume (in b3) against the
applied stress σap estimated at four temperatures.

Fig. 4. Plot of the apparent activation volume (in b3) against the
thermal stress σ* estimated for various deformation temperatures
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. (21)

The activation enthalpy calculated according to (21) for 150 °C
gives (0.96 � 0.05) eV. Activation energies for high temperature
creep of polycrystalline magnesium were measured originally by
McG. Tegart [16] for various temperatures and stresses. He esti-
mated that the activation energy is from room temperature up to
0.6Tm (Tm is the melting point in K) more less independent of
temperature and slightly dependent on the applied stress. It was
found for higher stresses to be � 1 eV. Similar values were found
for pure magnesium at 400 K by Milicka et al. [17] and Vagarali
and Langdon [18] and for Mg−0.8% Al [19]. 

The values of the activation volume and the activation enthalpy
may help to identify thermally activated processes considering some
of the common short−range barriers to dislocation motion [13].
The dislocation–dislocation interaction mechanism has an activa-
tion volume ranging from about 102 � 104 b3, with the activation
volume and enthalpy varying with strain. A rapid decrease in the
internal stress with temperature (see Figs. 1d and 1e) indicates
that softening is connected with dynamic recovery. 

Magnesium alloys, with hcp structure, deform on many possible
glide systems with dislocations of Burgers vector �a� � 1/3 [112�0]
in basal, prismatic, and first-order pyramidal planes and with dis-
locations of Burgers vector �c � a� � 1/3 [112�3] in first- and
second-order pyramidal planes. The main deformation mode in
magnesium is basal slip of �a� dislocations. The secondary con-
servative slip may be realised by the �a� dislocations on prismatic
and pyramidal planes of the first order. Couret and Caillard [20,
21] studied by TEM prismatic glide in magnesium in a wide tem-
perature interval. They showed that screw dislocations with the
Burgers vector 1/3 [112�0] are able to glide on prismatic planes
and their mobility is much lower than the mobility of edge disloca-
tions. The deformation is controlled by thermally activated glide of
those screw dislocation segments. A single controlling mechanism
was identified as the Friedel-Escaig cross slip mechanism. This
mechanism assumes dissociated dislocations on compact planes,
like (0001), that joint together along a critical length Lr produc-
ing double kinks on non-compact planes. The activation volume is
proportional to the critical length between two kinks. Amadieh et al.
[22] found for the activation volume of the Friedel-Escaig mech-
anism a value of 70 b3. Prismatic slip was also observed by Koike
and Ohyama [23] in deformed AZ61 sheets The activity of the �a�
dislocations in prismatic planes is possible when the critical resolved
shear stress ratio of prismatic to basal slip exhibits values 1.5-2. It
is realised at elevated temperatures and also at lower temperatures
for a special texture of samples. The activation of the prismatic slip
and subsequent annihilation of dislocation segments with opposite
sign are probably the main reason for the observed internal stress
decrease. The double cross slip may be a thermally activated process
controlling the dislocation velocity. Beside this mechanism, the
thermally activated glide of �c � a� dislocations should be taken
into account. Mathis et al. [24] studied the evolution of non-basal
dislocations as a function of temperature in magnesium by X-ray
diffraction. They found a majority of �a� dislocations in the as-cast

H T V
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2
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2

2
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state. During plastic deformation in tension the �a� -type disloca-
tions remain dominant, however, the dislocation density increased
by about a factor of three up to about 100 °C. At higher tempera-
tures the fraction of �c � a� -type dislocations increased at the
cost of �a� -type dislocations and the increase of the dislocation
density is strongly reduced. The internal stress acting on the dis-
locations is determined by the details of the internal structure at
that moment and it is independent of the applied stress. The stress
that changes when the applied stress is changed is only the effec-
tive stress. The internal stresses during plastic deformation of this
alloy can be considered as the sum of stresses resulting from various
dislocation arrangements and obstacles existing in the deformed
material [9, 25]. The solute atoms do not influence the moving
dislocations at higher temperatures. However, at higher tempera-
tures the solute atoms my diffuse to the staking fault and influence
double cross slip from basal to non-basal planes.

3.3 Strain ageing

From the temperature dependence of the yield stress, intro-
duced in Fig. 5, some local maximum between 50 and 100 °C is
obvious. This maximum is a consequence of the dynamic strain
ageing. It is also manifested at the stress strain curve by the so
called post relaxation effect. When the internal stress as well as
the dislocation density are constant than the deformation process
continues at the same stress as at the beginning of the SR test. On
the stress strain curve shown in Fig. 6 stress increase after SR test
is obvious. The flow stress after the stress relaxation, σ1, is higher
than the flow stress at the beginning of the relaxation. The values
of Δσ � σ1 � σ0 are plotted against strain for two temperatures
of 25 and 50 °C in Fig. 7. For other temperatures the post relax-
ation effect was not observed. From Fig. 7 it is to see that the strain
dependence of Δσ has some maximum at a certain strain. 

In an alloy the flow stress may be consider as a sum of two
additive contributions: 

σ � σf � σd , (22)

Fig. 5. Temperature dependence of the yield stress.
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with σf relating to a friction imposed by the solutes-dislocation
interaction σd relating to the dislocation-dislocation interaction.
Hong [26, 27] suggested that the stress σf could be described by
the following equation:

(23)

where α1 is a constant, δ is the atomic size misfit parameter, c is
the solute concentration and B is the width of the distribution about
the temperature T0 where the maximum of solute-dislocation inter-
action force occurs. The critical dislocation velocity Vc at which
the maximum force occurs can be expressed as:

(24)

where α2 is a constant and D0 is the diffusion constant for solute
atoms, Ω is the atomic volume and QD is the activation energy for
diffusion of solute atoms in magnesium matrix. The critical strain
rate at which the maximum interaction stress occurs can be pre-
dicted using the following equation:
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where ν is the Poisson ratio, ρm is the mobile dislocation density.
From Eq. (23) it can be seen that the friction force due to solute
atoms interaction with moving dislocations exists only in a certain
temperature interval depending on solute atoms type. This friction
force (stress) is added to the temperature dependence of the yield
stress resulting to a local maximum in the temperature dependence
of the yield stress. Such local maximum in the temperature depen-
dence is demonstrated in Fig. 5. Similar local maximum was
observed in the case of ZE41 alloy [28], AZ91 alloy [29] of binary
alloy Mg-0.7Nd [30].

According to Malygin [31] and Rubiolo and Bozzano [32]
solute atoms diffuse to dislocations arrested at local obstacles for
waiting time tw . The concentration of solute atoms at dislocation
lines as a function of the waiting time c(tw) is done by the function 

, (26)

where 

. (27)

c0 is the average concentration of impurities in the crystal and cm

is the limiting value of impurities on the dislocations. WB is the
binding energy of solute atoms to dislocations. The value of n
depends on the details of interaction between solute atom and dis-
locations. The exponent in eq. (26) r � 2/(n � 2) is typically 2/3
and 1/3 for bulk and pipe diffusion, respectively. [33].

The stress increment Δσ after SR due to solute atoms segre-
gation may be also expressed for longer time by the following
equation 

Δσ(t, ε, T) � Δσm(ε,T) {1 � exp[�(t/tc)
p]}, (28)

where Δσm(ε,T) is the stress increment for t→∞ and it depends
on the binding energy between solute atoms and dislocations. (It
increases with increasing solute atom concentration and with
decreasing temperature.) tc is a characteristic time which depends
on the strain as tc � ε�k. [34]. Solute atoms locking dislocations
cause the stress increase after stress relaxation, which depends on
strain and on temperature. An increase in the flow stress is needed
to move the dislocations after stress relaxation. It is reasonably to
assume that Δσ is proportional to the number of impurities on dis-
location lines.   

4. Conclusions

The stress relaxation tests were performed during compression
experiments at various temperatures with the aim to reveal the main
features of the plastic deformation mechanisms. The complex analy-
sis of the stress relaxation curves showed:
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Fig. 6. The stress-strain curve obtained at 50 °C. An increase of the
stress after the stress relaxation test is from the insert well visible. 

Fig. 7. The stress increase Δσ depending on the strain estimated for 
25 and 50 °C.
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� the internal stress decreases with increasing deformation tem-
perature;

� the values of the apparent activation volumes are in the order
of tens to hundreds b3;

� the activation volume depends on the thermal stress so that all
values lie at the master curve Vapp ∝ (σ*)n;

� the estimated activation energy indicates that the main thermally
activated process is very probably the glide of dislocations in
the non-compact planes,

� mobile solute atoms are the reason for the dynamic strain ageing
manifested by the post relaxation effect and the local maximum
in the temperature dependence of the yield stress.
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1. Introduction

Magnesium alloys, the lightest structural metallic materials, have
been considered for many applications including automotive and
other transport industries. Most commercial magnesium alloys
exhibit a relatively high specific strength (the strength/density ratio),
comparable with moderate strength aluminium alloys, and high
specific stiffness at room temperature. However, the magnesium
alloys possess poor mechanical properties at temperatures above
about 150 °C. There are many possibilities how to increase the
strength of a metallic material. The mechanical properties of mag-
nesium alloys may be influenced by one or more of the well known
strengthening mechanisms – solid solution hardening, precipitation
strengthening, dispersion hardening, grain-size refinement. The
shape and nature of precipitates and dispersoids have a significant
effect on the microstructure, which controls the material behaviour.
The addition of ceramic or graphite reinforcements – fibres and/or
particles – into magnesium alloys can significantly improve their
physical, mechanical and damping behaviour [1]. It is obvious
that research on magnesium alloys focusing on mechanical prop-
erties has attained an increasing interest during last decades.

The mechanical properties of magnesium alloys were investi-
gated using specimens prepared by different production processes.
One of the common casting methods is squeeze casting. During
squeeze casting, the molten metal is poured to a preheated die and
then the upper half closes the die under press. The advantage of
squeeze casting is a low porosity. Wrought magnesium alloys are
very often produced by hot rolling and extrusion. Over the last
decade, severe plastic deformation (SPD) techniques were used to
prepare ultrafine-grained materials [2]. Among these, equal channel
angular pressing (ECAP) refines the grain structure of materials
to submicrometer level and the material shape does not change.

Recent results have shown that processing of some magnesium
alloys by ECAP introduces a superplastic capability. The wrought
alloys exhibit texture that influences the mechanical properties.
There is a difference in the deformation behaviour if a specimen
is deformed in tension or in compression and/or the mechanical
properties are different if specimens are deformed in different
direction.

The deformation behaviour of magnesium alloys and magne-
sium-based composites were investigated over a wide temperature
range – very often between room temperature and 300 – 400 °C.
At higher temperatures, dynamic recovery or dynamic recrystalli-
sation may influence the deformation behaviour. Investigations of
the effect of temperature on the flow behaviour are important for
applications and/or for estimation of suitable forming conditions.
In order to understand the flow behaviour of a material, it is impor-
tant not only to estimate the experimental values – the characteris-
tic of deformation – but also to determine dislocation mechanisms
during deformation.

The aim of the present paper is to give an overview on the
deformation behaviour of some magnesium alloys at different tem-
peratures and to describe dislocation mechanisms that control the
behaviour. Stress relaxation tests will be used in order to describe
possible dislocation mechanisms during deformation of alloys
prepared by different processing techniques.

2. Stress relaxation

It is widely accepted that the stress necessary for the disloca-
tion motion in polycrystals can be divided into two components
[3]
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σ � σi � σ*, (1)

Here σi is the internal (athermal) stress, resulting from long-
range stresses impeding the plastic flow. Contribution of disloca-
tion to this internal stress component may be expressed as

σi � α1Gbρt
½. (2)

Here G is the shear modulus, α1 is a constant describing inter-
action between dislocations, b is the Burgers vector of disloca-
tions and ρt is the total dislocation density. The effective stress σ*
acts on dislocations during their thermally activated motion when
they overcome short range obstacles.

In a stress relaxation (SR) test, the specimen is deformed to
a certain stress σ0 and then the testing machine is stopped and the
stress is allowed to relax [4]. The stress decreases with time t. The
specimen can be again reloaded to a higher stress (load) and the
SR test may be repeated. The stress decrease with time during the
SR test can be described by the following equation [5]

Δσ(t) � σ(0) � σ(t) � αln(βt � 1) (3)

where σ(0) � σ0 is the stress at the beginning of the stress rela-
xation at time t � 0, β is a constant and

. (4)

Here V � bdL is the activation volume where b is the Burgers
vector, d is the obstacle width and L of the mean length of dislo-
cation segments between obstacles.

The stress relaxation technique has been demonstrated to be
a useful method for estimating the activation volume and the both
stress components. The components of the applied stress can be
estimated using the method of Li [6, 7]. The stress relaxation curve
should be fitted to the power law function in the following form

(5)

where a, t0 and m are fitting parameters (m can also be determined
from strain rate change experiments). This relation was derived
based on dislocation dynamics (a power law relation between dis-
location density and stress) assuming that both the internal stress
and the density of mobile dislocations are constant during the SR.

3. Experimental procedure

In this paper we will focus our selection on magnesium alloys
prepared by cast, squeeze casting, hot rolling and equal channel
angular pressing. Samples were deformed in tension and compres-
sion in an INSTRON testing machine at a constant cross-head speed
giving an initial strain rate of 6.7 � 10�5 s�1 over a temperature
range of 23 to 300 °C. In some cases, sequential stress relaxation
tests were performed along a stress-strain curve. Duration of the
SR was 300 s.
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4. Results 

The true stress–true strain curves obtained in tension for the
cast AZ31 (Mg-3Al-1Zn) alloy at different temperature are shown
in Fig. 1. It can be seen that the flow stress decreases with increas-
ing testing temperature. At a temperature of 300 °C, the flow stress
is practically independent of strain, no significant strain hardening
is observed. The result indicates that dynamic recovery occurs.
Similar flow curves were obtained for the AX41 (Mg-4Al-1Ca) alloy
deformed in tension as shown in Fig. 2 [8]. The true stress–true
strain curves obtained for compression tests for the AJ51 (Mg-5Al-
1Sr) alloy at various temperatures are shown in Fig. 3 [8]. The
true stress-true strain curves for the AZ31 sheets with the tensile
axis parallel (P) and perpendicular (T) to the rolling direction
obtained at various temperatures are shown in Fig. 4 [9]. It is pos-
sible to conclude for the presented results that a high strain hard-
ening is observed at low temperatures, below about 200 °C. At
temperatures higher than about 200–250 °C, the flow stress is low
and practically independent of strain. A dynamic balance between
hardening and softening occurs. It can also be seen that the strength-

σ
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a]

Fig. 1 The true stress–true strain curves of AZ31 measured 
at different temperatures

σ
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P
a]

Fig. 2 The true stress-true strain curves of AX41 obtained 
at various temperatures
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ening effect of Zn, as third element, is higher than hardening of
Ca and Sr.

An example of the influence of a processing method on the
deformation behaviour is shown in Fig. 5 [10]. The heat-treated
samples of cast AZ91 (Mg-9Al-1Zn-0.2Mn) were ECAP processed
in a right-angled channel via route C. The number of passes was 1,
4 and 8. The total strain rate intensity was 1.15, 4.6. Tensile tests
were carried out in a MTS machine at a constant strain rate of 
5 � 10�4 s�1 and in the temperature range from 20 °C to 300 °C.
Figure 5 shows the true stress-true strain curves of both as cast
and ECAP processed AZ91 samples at different temperatures. The

values of the yield stress at temperatures below 150 °C for samples
after ECAP are higher than those for the cast samples. On the
other hand, the yield stress values of samples after ECAP deformed
at temeratures above 150 °C are lower than those for the cast
samples as shown in Fig. 6 [10]. Processing by ECAP leads to
grain refinement. The grain size of the samples after ECAP pro-
cessing is about 100 nm; much lower than in as-cast samples. An
increase of both the yield stress and maximum flow stress of the
samples after ECAP deformed at room temperature is caused by
the refinement in grain size. The lower values of the yield stress
(and the maximum flow stress) of the samples after ECAP press-
ing measured at 200 and 300 °C in comparison with those of the
unpressed material indicate some recovery process(es). Rapid grain
boundary diffusion is expected at these temperatures. The elonga-
tions to failure of the AZ91 alloy after ECAP pressing are much
higher than those of the unpressed alloys. 

Considerable improvement of the mechanical properties of
magnesium alloys can be achieved by addition of ceramic or graphite
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Fig. 4 The true stress–true strain curves of AZ31 sheets measured in
tension at various temperatures; the tensile axis was parallel (P) or

perpendicular (T) to the rolling direction

Fig. 5 The true stress–true strain curves measured at different
temperatures for cast AZ91 alloy and AZ91 alloy after ECAP processing

Fig. 6  Temperature dependence of the yield stress of cast AZ91 
samples and after ECAP processing
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Fig. 3  The true stress–true strain curves of AJ51 measured 
in compression at various temperatures
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fibres (or particles). Commercial AX41 alloy was reinforced with
short fibres of Sigrafil C40 with a mean diameter of 7 μm and
a mean length of about 100 μm. Preform of short fibres exhibited
a planar isotropic fibre distribution. Metal matrix composites with
a fibre volume fraction of 17 vol. % were prepared by squeeze
casting. Two kinds of composite samples were investigated in
compression tests. The planes of planar randomly distributed fibres
were parallel (hereafter referred as Sigrafil_I) and perpendicular
(hereafter referred as Sigrafil_II) to the longitudinal axis of the
sample (identical to loading direction). Samples were deformed at
an initial strain rate of 8.3 	 10�5 s�1 over the temperature range
from room temperature up to 300 °C. The temperature in the
furnace was kept with an accuracy of � 2°C.

Figure 7 [11] shows the true stress-true strain curves for
AX41+Sigrafil_II deformed at different temperatures. It can be seen
that the flow stress decreases with increasing testing temperature.
At and above 200 °C, the work hardening rate is decreasing with
strain and temperature. Similar deformation behaviour was observed
for AX41+Sigrafil_I [11]. Some dynamic recovery occurs. The

temperature variations of the yield stress, σ02, and maximum stress,
σmax , are shown in Fig. 8a for AX41+ Sigrafil_I and in Fig 8b for
AX41+Sigrafil_II. A rapid decrease of both the stresses with increa-
sing testing temperature for AX41+Sigrafil_I is obvious whereas
the yield stress of AX41+Sigrafil_II decreases very slowly with
temperature up to about 200 °C and then a rapid decrease is
observed. It is necessary to note the differences in the values of
σ02 and σmax for the composites with different orientation of the
planar fibre distribution to the loading direction.

It is expected that new promising materials may be produced
when nanosized ceramic particles are added and distributed in Mg
matrices with fine or ultrafine grains. Materials used in this review
were ultrafine-grained Mg (hereafter UFG-Mg), UFG-Mg reinforced
with 3 vol.% of graphite, and Mg with a mean grain size of about
20 μm (hereafter μ-Mg) reinforces with either 3 vol.% of Al2O3

(alumina) or 3 vol.% of ZrO2 (zirconia) nanoparticles (with a mean
grain of 14 nm). Tensile tests were performed in an Instron testing
machine at temperatures between 20 and 300 °C at a constant
crosshead speed giving an initial strain rate of 6.2�10�5 s�1. Uni-
axial compression tests were carried out at a constant crosshead
speed giving an initial strain rate of 1.4�10�4 s�1.

The temperature dependences of the yield stress and maximum
stress obtained for UFG-Mg and UFG-Mg+3 vol.% of graphite
(200 nm) are presented in Figs. 9 and 10, respectively. Specimens
of microcrystalline magnesium reinforced with ZrO2 and Al2O3

nanoparticles were deformed in tension [12]. At temperatures above
100 °C, the work hardening rate is close to zero; a dynamic balance
between hardening and softening. The flow stresses for μ-Mg+3n-
Al2O3 are higher than those for μ-Mg+3n-ZrO2 at the same testing
temperature. Figure 11 shows the temperature variation of the yield
stress for microcrystalline Mg reinforced with zirconia and alumina
nanoparticles. The difference in the yield stress between both mate-
rials deformed at room temperature is about 100 MPa, whereas the
differences in the yield stress values at and above 200°C are small.
On the other hand, the elongations to failure of μ-Mg+3n-ZrO2

are higher than those of μ-Mg+3n-Al2O3. Similar dependences of
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Fig. 7 The true stress–true strain curves of AX41+Sigrafil II deformed at
different temperatures; the planes of planar distributes graphite fibres

were perpendicular to the tensile axis.
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Fig. 8  Temperature variation of the yield stress and maximum stress of (a) AX41+Sigrafil I 
(the planes of graphite fibres were parallel to the tensile axis) and (b) AX41+Sigrafil II
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the yield stress on the testing temperature were observed for μ-Mg
and in μ-Mg+1n-Al2O3 [12]. Note the high values of yield stress
for magnesium reinforced with 3 vol.% of nanoparticles.

5. Discussion

The deformation behaviors of magnesium alloys and magne-
sium-based composites are significantly influenced by testing tem-
perature. In order to estimate the deformation mechanisms, the
understanding of the effects of deformation temperature and strain
on the stress flow is necessitated. It has been found that any restora-
tion processes affect the shape of the true stress-true strain curves.
It is expected that both components of the flow stress are a func-
tion of strain and temperature.

Analysis of stress relaxation tests indicates that recovery process
and dislocation motion are thermally activated processes. The both
stress components were determined at different temperatures. Figure
12 [8] shows a part of true stress-true strain curve for AX41 alloy
deformed in compression at room temperature. The points indi-
cate the stresses at which the SR tests were performed. The inter-
nal stress and the effective stress components are also depicted. It
is obvious that the internal stress is a substantial contribution to the
applied stress. Similar dependences were obtained e.g. for AJ51
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Fig. 11 Temperature dependence of the yield stress of microcrystalline
magnesium reinforced with 3 vol.% of ZrO2 and 3 vol.% of Al2O3
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Fig. 13 The internal stress of AZ31 as a function of strain at different
testing temperatures
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Fig. 12 A part of the true stress–true strain curve of AX41 deformed in
compression at room temperature. The points on the curve indicate the
stresses at which the SR tests were performed. The both components of

the applied stress are shown as a function of strain
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Fig.  9 Temperature dependence of the yield stress and maximum stress
of ultrafine-grained magnesium.
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Fig. 10 Temperature dependence of the yield stress and maximum stress
of ultrafine-grained magnesium reinforced with 3 vol.% of graphite

particles (200 nm) 
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and AZ31. The value of the internal stress depends on the testing
temperatures. The values of the internal stress for AZ31 alloy
samples are plotted against strain in Fig. 13. A decrease in the
internal stress component with increasing test temperature can be
seen. It is well-known that the stored dislocations contribute to the
strain hardening. Therefore, the observed decrease in the internal
stress with temperature indicates a decrease in the total disloca-
tion density – see Eq. (2). The moving dislocations can cross slip
and after cross slip they cannot be only stored. They may annihilate,
which causes the decrease in the dislocation density. At higher
temperatures, the moving dislocations can also climb. The activity
of cross slip and climb increases with increasing temperature. This
means that the total dislocation density decreases with increasing
temperature. It has been reported [8] that the internal stress/applied
stress ratio decreases significantly with increasing temperature inde-
pendent of the deformation mode (the values of the ratio for com-
pression deformation are practically the same as for tension).

The apparent activation volume estimated using Eq. (8) depends
on the applied stress and testing temperature. Apparent (experi-
mental) activation volume estimate in experiments with polycrys-
tals is proportional to the dislocation activation volume, Vd , as

V � (1/Ψ)Vd , where Ψ is the Taylor factor. Usually, the values of
activation volume are given in b3, which allows their comparison
with processes responsible for the thermally activate dislocation
motion. The apparent activation volume for AZ31 alloy is a func-
tion of the effective stress independently of the testing tempera-
ture as shown in Fig. 14. Apparent activation volumes for AJ51
and AJ91 alloys estimated for four deformation temperatures in
tensile (T) and compression (C) tests are plotted against the effec-
tive (thermal) stress in Figs. 15 and 16 [8]. All values appear to
lie on one line, “master curve”. In order to analyse the depen-
dences, we will assume an empirical relation between the Gibbs
enthalpy Δ G and the effective stress, σ*, suggested by Kocks et
al. [13] in the following form:

(6)

where ΔG0 and σ*0 are Gibbs enthalpy at zero stress and the effec-
tive stress at 0 K. It follows:

(7)

where p and q in Eqs. (6) and (7) are phenomenological parame-
ters reflecting the shape of a obstacle profile k is the Boltzmann
constant, T is the absolute temperature, ε� is the strain rate and ε�0

is a pre-exponential factor. The possible ranges of values p and q
are limited by the conditions 0 � p � 1 and 1 � q � 2. Ono [14],
suggested that Eq. (17) with p � 1/2, q � 3/2 describes a barrier
shape profile that fits many predicted barrier shapes. Equation (7)
can be rewritten

. (8)

The dependence of the activation volume on the effective
stress can be expressed as

. (9)
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Fig. 14 Activation volume plotted against the thermal stress estimated at
various testing temperatures
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Fig. 15 Activation volume plotted against the thermal stress for AJ51
estimated at different deformation temperatures in compression and

tension
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Fig. 16 Activation volume plotted against the thermal stress for AJ91
estimated at different deformation temperatures in compression and

tension
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The values of the activation volume should lie at the curve
given by Eq. (9). The fit of the experimental values of Eq. (9) –
see Figs. (15) and (16) – gives for the activation enthalpy ΔG0 �
� 0.95 � 0.05 eV for AJ51 and ΔG0 � 1.00 � 0.05 eV for AJ91.
Similar values of the activation enthalpy were estimated for all
alloy studied.

The values of the activation volume and the activation enthalpy
may help to identify thermally activated process considering some
of the common short range barriers to dislocation motion [15].
We should consider that a rapid decrease in the internal stress with
increasing temperature indicates that observed softening during
deformation is connected with dynamic recovery.

It is well-known that the main deformation mode in magne-
sium and magnesium alloys with hcp structure is basal glide system
with dislocations of the Burgers vector �a� � 1/3 [112�0]. The sec-
ondary conservative slip may be realised by the �a� dislocations on
prismatic and pyramidal of the first order. Couret and Caillard
[16, 17] using TEM showed that the screw dislocations with the
Burgers vector of 1/3 [112�0] in magnesium are able to glide on
prismatic planes and their mobility is much lower than the mobility
of edge dislocations. They concluded that the deformation behav-
iour of magnesium over a wide temperature range is controlled by
thermally activated glide of those screw dislocation segments.
A single controlling mechanism was identified as the Friedel-Escaig
cross slip mechanism. This mechanism assumes dissociated dis-
locations on compact planes, like (0001), that joint together along
a critical length Lr producing double kinks on non-compact planes.
Therefore, the activation volume is proportional to the critical
length between two kinks. Amadieh et al. [18] found for the acti-
vation volume of the Friedel–Escaig mechanism a value of 70 b3.
Prismatic slip was also observed by Koike and Ohyama [19] in
deformed AZ61 sheets. The activation of the prismatic slip and
subsequent annihilation of the dislocation segments with the
opposite sign are probably the main reason for the observed inter-
nal stress decrease. The double cross slip may be a thermally acti-
vated process controlling the dislocation velocity. 

The number of independent slip systems in the basal plane is
only two. Thus, the von Mises requirement for five independent
deformation modes to ensure a reasonable deformability of mag-
nesium alloy polycrystals is not fulfilled. Twinning and the activ-
ity of non-basal slip is required. From activities of non-basal slip
systems, motion of dislocations with �c�a� Burgers vector in the
second-order pyramidal slip systems is expected. The critical
resolved shear stress (CRSS) for non-basal slip systems at room
temperature is higher by about a factor 100 than the CRSS for
basal slip. The CRSS for non-basal slip decreases rapidly with
increasing temperature. It means that the activity of a non-basal
slip system increases with increasing temperature. It is worth men-
tioning that Mathis et al. [20], who studied the evolution of dif-
ferent types of dislocations with temperature in Mg using X-ray
diffraction, found that at higher temperatures the fraction of �c�a�
dislocations increases at a cost of �a� dislocations. The total dis-
location density decreases with increasing temperature. The glide

of �c�a� dislocations may affect the deformation behaviour of
magnesium alloys.

The shape of the true stress-true strain curves (Figs. 1–4) indi-
cates that the flow stress and strain hardening and softening is
influenced by the testing temperature – at temperatures above
about 200 °C, the strain hardening is very close to zero. From the
dislocation theory point of view, this deformation behaviour may
be explained assuming changes in deformation mechanisms. At
temperatures below about 200 °C, strain hardening is caused by
multiplication and storage of dislocations. Above about 200 °C,
there is not only storage of dislocations during straining leading to
hardening but also annihilation of dislocations leading to soften-
ing. The intensity of the latter is highly dependent on temperature.
A dynamic balance between hardening and softening may take
place at higher temperatures. The activity of non-basal slip systems
has to play an important role in both hardening and recovery
processes in magnesium alloys. The glide of �c�a� dislocations
may be responsible for an additional work hardening because of
the development of several systems of immobile or sessile dislo-
cations. Different reactions between �a� basal dislocations and
�c�a� pyramidal dislocations can occur [21-23]. Glissile (glide)
�c�a� dislocations can interact with �a� dislocations – immobile
�c� dislocations may arise within the basal plane according to the
following reaction:

. (10) 

Another reaction that employs the basal �a� dislocations yields
a sessile �c�a� dislocation

. (11)

Finally, a combination of two glissile �c�a� dislocations gives
rise to a sessile dislocation of �a� type that liess along the inter-
section of the second order pyramidal planes according to the fol-
lowing reaction:

. (12)

Different dislocation reactions may produce both sessile and
glissile dislocations. Production of sessile dislocations increases
the density of the forest dislocations that are obstacles for moving
dislocations. Therefore, an increase in the flow stress with strain-
ing follows, which is observed in the experiment. On the other
hand, screw components of �c�a� (and also �a�) dislocation may
move to the parallel slip planes by double cross slip and they can
annihilate – the dislocation density decreases, which leads to sof-
tening. One has to consider that twins and grain boundaries are
also obstacles for moving dislocations in polycrystalline materials.
Dislocation pile-ups are formed at the grain boundaries. The stress
concentrations at the head of pile-ups contribute to initiations of
the activity of the pyramidal slip systems. Another possible source
mechanism for �c�a� dislocations was proposed by Yoo et al.
[24]. The scenario described above can help in understanding the
deformation behaviour of magnesium alloy over a wide tempera-
ture range. 
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The increase in the elongation to failure with increasing tem-
perature can be also explained by an increase in the activity of
non-basal slip systems.

The addition of the reinforcing phase substantially increases
the yield stress of Mg alloys as shown above. Fibres and particles
in the matrix act as obstacles for moving dislocations in the slip
plane. From figures a significant effect of fibres and/or particles
on the yield stress and deformation behaviour at low temperatures
(below about 200 °C) and a decreasing effect of the reinforcing
phase at higher temperatures can be seen. The main contributions
to the yield stress are load transfer and enhanced dislocation density.
The analysis – see [25, 26] – showed that the load transfer from
matrix to fibres (particles) depends on the reinforcement volume
fraction. As to the enhanced dislocation density, important contri-
butions are the density of newly generated dislocations due to
thermal stresses and the density of dislocations geometrically nec-
essarily created because of strong strain gradients. It is widely
accepted that Orowan strengthening is not significant for metal
matrix composites.

6. Conclusions

The mechanical properties and strain hardening effects of mag-
nesium alloys decrease with increasing testing temperature. The
increase of the activity of non-basal slip systems with temperature
may be responsible for softening. The interactions between dislo-
cations in the non-basal slip system and those in basal slip system
cause not only the formation of sessile dislocation leading to hard-
ening but also annihilation of dislocations leading to softening.
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1 Introduction 

Austenitic stainless steels (ASS) are frequently used as con-
struction materials of various components in chemical, petrochem-
ical, pharmaceutical and nuclear power industries, because of their
excellent corrosion resistance and good mechanical properties at
elevated temperatures [1–4]. However, properties of these steels
depend strongly on structural, compositional, and morphological
characteristics of the grain boundaries, e.g. on the state of inter-
granular precipitation [5–7].

On heat treatment, welding or service, the unstabilized ASS
can be sensitised if isothermally exposed at temperatures 500–
800°C or slowly cooled through this temperature range [1, 4, 8, 9].
The sensitisation resulting from microstructural changes can cause
intergranular corrosion of unstabilized ASS. The microstructural
changes evoking the sensitisation reside mostly in the precipitation
of secondary chromium-rich phases (e.g. M23C6, sigma, chi) along
the grain boundaries followed by the formation of chromium-
depleted zones with chromium content below 12 wt% [10].

Sigma, as a typical phase occurring in the 316L steel, precip-
itates at temperatures between 550–900°C on grain boundaries,
especially on triple points, incoherent twin boundaries and inter-
granular inclusions [11]. The sigma precipitation has a very slow
kinetics, so the formation of precipitates can take hundreds to
thousands of hours. Cold work (CW) accelerates its precipitation
particularly if also recrystallization occurs on subsequent anneal-
ing [11]. Chi is mostly a minor phase and it was found in the

AISI 316L steel at temperatures about 750 °C [7]. The formation
of this phase can be observed mainly on the grain boundaries,
incoherent twin boundaries, coherent twin boundaries and on dis-
locations within the matrix. Owing to its ability to dissolve carbon
and also to its easier nucleation, the chi precipitation, when it
occurs, precedes the sigma formation. The chi nucleation is also
accelerated by cold work [11]. Laves of the Fe2Mo type was found
in AISI 316 steels with the bulk Mo content between 2–3 wt.%
after long-term annealing. It is often a minor phase precipitating
intragranularly in the form of equiaxed particles, with occasional
occurrence at the grain boundaries [11].

The degree of sensitisation is influenced by many factors, e.g.
bulk composition of the steel, grain size, plastic deformation, time-
temperature exposure [1, 2, 4, 7]. The influence of time-tempera-
ture exposure on the steel sensitisation can be derived from time-
temperature-sensitisation (TTS) diagram. In the diagram, each
condition characterized by time and temperature of annealing is
assigned to the sensitised or the non-sensitised areas separated by
typical C-curve. The nose of this curve defines the critical tem-
perature with the minimal time for sensitisation. 

In the present work the AISI 316L steel was investigated. The
aim of the study resides in the determination of relationships
between the steel thermal-deformation history, its resistance to
intergranular corrosion, and the state of precipitation. The atten-
tion was paid to the characterization of type, metal composition,
amount, and distribution of secondary phase particles.

INFLUENCE OF SECONDARY PHASE PRECIPITATION ON
RESISTANCE TO INTERGRANULAR CORROSION OF AISI 316L
AUSTENITIC STAINLESS STEEL 
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2. Experimental procedure

The chemical composition of the investigated AISI 316L steel
is given in Table 1. In the first step, the steel was solution annealed
for 1h at 1100 °C. Immediately after the solution annealing, the
steel was water quenched to eliminate the formation of new pre-
cipitates. In the second step, cold working of the steel sheets was
applied at ambient temperature with the deformation of 40 %
toward the original sheet thickness. The final step of the sample
treatment resided in the isothermal annealing performed at 750 °C
for 1, 2, 5, 10, 50 and 100 h. 

The samples for the light microscopy were polished up to fine
diamond finish (�1μm) and then electrolytically etched for 10–
30 s (in dependence on the sample sensitisation) using 10 % oxalic
acid at the current density 1 A.cm�2. The metallographic sections
were observed by a light microscope NEOPHOT 32 equipped
with CCD camera. The samples were tested to determine the sen-
sitivity to intergranular corrosion according to ASTM A 262, prac-
tice A (Oxalic Acid Etch Test). In the corrosion test, the same
etching procedure as described above for preparing metallographic
samples was used, except for the etching time taking 90 s. The fol-
lowing criterion was applied to classify the sensitivity of the etched
microstructures to the intergranular corrosion:
� the step structure, when the grain boundaries are not attacked

by corrosion, 
� the dual structure, when the grains are not completely sur-

rounded by deeply etched boundaries, 
� the ditch structure, when at least one grain is completely sur-

rounded by deeply etched boundaries.

The samples showing step or dual structures were considered
to be non-sensitised, whereas the samples exhibiting the ditch struc-
ture were classified as sensitised [12]. 

For the identification of secondary phases the transmission
electron microscopy (TEM) of extraction carbon replicas was
utilised. TEM observations were performed using a JEOL 200 CX
microscope operated at 200 kV. It was equipped with an energy
dispersive 

X-ray spectrometer (EDX). The samples for TEM were pre-
pared as follows: 
� etching of the mechanically polished surfaces for 2–3 min with

etchant consisting of 10 ml H2SO4, 10 ml HNO3, 20 ml HF and
50 ml H2O, 

� coating of the surfaces with a thin layer of carbon, 
� removing the carbon film from the samples in 8 % solution of

HCl in ethanol.

At least ten EDX analyses per secondary phase were performed
for each condition. At the evaluation of EDX spectra the stan-
dardless method for thin specimens was used.

The phase equilibria were calculated for the system correspond-
ing to the investigated steel in the temperature range 500–1500 °C
by ThermoCalc software [13] using the database STEEL17 for-
mulated by Kroupa et al. [14]. In the calculation procedure the
total Gibbs energy of the system consisting of contributions of
individual phases is minimized at constant temperature and pres-
sure. The particular phases were modelled as a sum of the refer-
ence level of Gibbs energy, entropy term, excess Gibbs energy,
and magnetic term (if plausible the magnetic ordering). In the cal-
culations, the elements Fe, C, Si, Mn, Cr, Mo and Ni were consid-
ered, and the phases liquid, delta-ferrite (b.c.c.), austenite (f.c.c.),
laves (h.c.p.), M6C (f.c.c.), M23C6 (f.c.c.), sigma (tetragonal) and
chi (b.c.c.) were taken into account. 

3. Results

The microstructures of the investigated steels after the solution
annealing are composed of polyhedral austenitic grains containing
twins (Fig. 1a). After cold working the grains are prevailingly aci-
cular and contain shear bands (Fig. 1b). No precipitates were
observed at the grain boundaries of both solution annealed and
cold worked conditions. Black discrete areas randomly distributed
across the microstructure of the cold worked condition are prob-
ably etching artefacts. 

TTS diagram for the AISI 316L steel after 40% cold working
is illustrated in Fig. 2a. Circles represent experimental results
after oxalic acid etch test for the conditions annealed at 750 °C.
The solid circles represent sensitised conditions showing the ditch
structure. The condition 750 °C/1 h exhibiting the dual structure
is illustrated by the empty circle. The microstructures correspond-
ing to conditions 750 °C/1 h and 750 °C/5 h are documented in
Figs. 2b and 2c, respectively.

On annealing, secondary phases were observed to start to pre-
cipitate on the grain boundaries and in the grain interior. The
phases identified are summarized in Table 2. Figs. 3a and 3b show
the microstructures of the investigated steel after annealing at
750 °C for 1 h and 2 h, respectively. M23C6 (Fig. 4), chi (Fig. 5)
and sigma (Fig. 6) were identified on grain boundaries. Moreover,
the particles of laves (Fig. 7) were evidenced. In Figs. 4–7 both
the analysed particles and the corresponding diffraction patterns
are documented.  Average metal compositions of identified sec-
ondary phases in the analysed conditions can be seen in Table 3.

Chemical composition of the investigated steel Table 1 

Steel
Contents of elements in wt.%

C N Si Mn P S Cr Ni Mo Ti Fe

AISI 316L 0.021 0.019 0.62 1.10 0.0027 0.004 17.47 12.20 2.10 – bal.
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Fig. 1 Microstructures of the investigated steel after solution annealing (a) and subsequent 40 % cold work (b)

Fig. 2 TTS diagram for the AISI 316L steel after 40% cold working ( the circles represent experimental results after oxalic acid etch test for
conditions annealed at 750 °C) (a), the microstructure of condition 750 °C/1 h – dual structure (b), 

the microstructure of condition 750 °C/5 h – ditch structure (c)
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Fig. 3 Microstructures of the investigated steel  after annealing at 750 °C/1 h (a), 750 °C/2 h (b)

Experimentally identified secondary phases in the investigated steel after 40% cold working and Table 2 
subsequent annealing at 750°C. Occurrence of a phase is denoted with symbol “X”

Annealing time (h)
Secondary phases

Sigma Laves Chi M23C6

2 X X X –

5 X X X –

10 X X X X

50 X X X X

100 X X X X

Metal compositions of identified secondary phases in conditions annealed at 750 °C. Table 3 
Average metal compositions of particular phases regardless of condition are highlighted (italic + bolt)

Secondary phases Annealing time (h)
Mass contents of elements in %

Cr Fe Mo Ni Si

Sigma 

2 33.0 � 1.3 51.2 � 2.6 10.6 � 2.6 4.0 � 0.6 1.3 � 0.4

5 32.9 � 3.9 46.4 � 4.8 12.9 � 3.2 5.7 � 2.7 2.0 � 2.0

10 32.7 � 3.2 48.0 � 4.8 11.9 � 4.4 5.1 � 2.5 2.3 � 2.7

50 31.9 � 2.5 47.8 � 1.1 13.5 � 2.7 5.0 � 0.6 1.9 � 0.6

100 32.7 � 2.2 49.4 � 2.8 11.3 � 3.0 5.2 � 1.2 1.5 � 0.9

Average metal composition of sigma 32.6 � 0.9 48.6 � 3.6 12.0 � 2.3 5.0 � 1.2 1.8 � 0.8

Laves 

2 14.4 � 4.2 28.6 � 6.5 49.0 � 8.3 3.8 � 2.1 4.2 � 4.0

5 12.4 � 5.5 24.7 � 6.6 51.5 � 7.0 5.8 � 4.1 5.6 � 5.5

10 11.7 � 3.6 27.1 � 9.0 49.6 � 9.5 4.8 � 4.6 6.7 � 5.7

50 9.7 � 1.4 25.9 � 2.5 51.0 � 2.9 5.0 � 1.1 8.4 � 4.4

100 10.1 � 1.7 29.5 � 1.3 49.5 � 2.0 5.1 � 1.5 5.9 � 2.7

Average metal composition of laves 11.7 � 3.5 27.2 � 3.3 50.1 � 2.1 4.9 � 1.4 6.2 � 3.1

Chi 

2 21.5 � 4.3 39.1 � 4.0 33.2 � 7.3 3.4 � 1.9 2.7 � 1.2

5 25.6 � 1.0 44.3 � 2.9 23.7 � 3.0 4.1 � 1.2 2.5 � 0.2

10 24.3 � 4.4 43.4 � 5.7 26.0 � 5.6 4.1 � 1.6 2.2 � 1.8

50 23.3 � 1.8 41.6 � 2.3 27.0 � 2.5 4.6 � 0.7 3.5 � 1.4

100 22.4 � 3.3 45.1 � 5.0 25.2 � 5.8 4.7 � 0.9 2.5 � 2.2

Average metal composition of chi 23.4 � 3.1 42.7 � 4.3 27.0 � 7.1 4.2 � 0.9 2.7 � 1.0
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Fig. 4 Particle identified as M23C6 in the condition 750°C/100 h (a), diffraction pattern corresponding to the marked particle (b), 
TEM of carbon extraction replicas 

Fig. 5 Particle identified as chi in the condition 750°C/100 h (a), diffraction pattern corresponding to the marked particle (b), 
TEM of carbon extraction replicas

Fig. 6 Particle identified as sigma in the condition 750 °C / 100 h (a), diffraction pattern corresponding to the marked particle (b), 
TEM of carbon extraction replicas

Secondary phases Annealing time (h)
Mass contents of elements in %

Cr Fe Mo Ni Si

M23C6

10 65.9 � 0.9 15.0 � 0.2 16.0 � 0.9 2.9 � 0.2 0.3 � 0.0

50 66.6 � 5.5 13.7 � 2.6 16.0 � 4.5 3.2 � 1.1 0.6 � 1.0

100 68.6 � 2.3 13.6 � 0.4 13.7 � 2.0 3.5 � 0.4 0.7 � 0.3

Average metal composition of M23C6 67.0 � 1.5 14.1 � 1.0 15.2 � 1.4 3.2 � 0.3 0.5 � 0.3
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The experimental characterization of secondary phases was done
for the sensitised conditions only. The results of the thermodynamic
calculations performed for the temperature range 500–1500 °C
are shown in Table 4. According to the prediction, M23C6 is the
only secondary phase in equilibrium with austenite at 750 °C.

4. Discussion

Two important transitions between the analysed conditions of
the AISI 316L steel were found as a result of the current study. 

The transition between non-sensitised and sensitised states was
determined between 1 and 2 h of annealing at 750 °C according
to the corrosion test ASTM A 262, practice A (Fig. 2). During the
annealing for 1 h (Fig. 3a) only small changes appear in the
microstructure compared to the original 40% CW condition (Fig.
1b). In spite of the “acicular” microstructures documented in Figs.
1b and 3a, the microstructure of the condition annealed for 2 h
(Fig. 3b) contains also polyhedral grains surrounded with inter-
granular particles both features typical for recrystallization. Thus,
it is probable that the sensitisation starts between 1 and 2 h of
annealing due to a progress in the microstructure recovery and
recrystallization.

The another important transition observed between 5 and 10 h
of annealing concerns the number of identified secondary phases
in the analysed conditions (Table 2). In general, the amount of
secondary phase particles in the microstructure was found to

increase with increasing the annealing time [7, 8, 11]. Sigma, laves
and chi phases were identified in all conditions analysed. The pre-
cipitation of M23C6 started however between 5–10 h of annealing.
This transition did not influence the steel resistance to intergranu-
lar corrosion (Fig. 2), because of a small amount of M23C6 particles
in the low-carbon steel (Table 1) and the presence of chromium also
in earlier precipitated intermetallic phases (Table 3). 

Sigma, chi, and M23C6 were found to precipitate mainly along
the grain boundaries. On the other hand, laves precipitated in the
grain interior in the form of fine mostly longitudinal particles
(Fig. 7). This is in agreement with findings of Padilha and Rios
[11]. After 50 h of annealing laves was also found on the grain
boundaries in the form of massive particles.

Thermodynamic predictions of phase equilibria for the system
corresponding to the AISI 316L steel showed partial agreement
with the experimental results. According to the prediction, M23C6

is the only secondary phase co-existing with austenite in equilib-
rium at 750 °C (Table 4). It shows that sigma, chi, and laves iden-
tified experimentally are probably stable phases on annealing for
shorter times. In the investigated steel the equilibrium at 750 °C is
expected to be reached after annealing for times evidently exceeding
100 h. Then, the amount of the equilibrium M23C6 should increase
at the expense of the non-equilibrium intermetallic phases. 

The annealing time was not found to influence significantly
average values of the metal composition of identified phases. This
made possible to calculate the average metal compositions for par-
ticular phases regardless of the condition (Table 3). The biggest
standard deviations were determined for laves, because the analysed
particles of this phase were of smallest dimensions. 

5. Conclusions

In the present work the influence of secondary phase precipi-
tation on the resistance to intergranular corrosion of the 40 %
cold work AISI 316L steel annealed at 750 °C for 1, 2, 5, 10, 50,
and 100 h was investigated. Based on the experimental results the
main findings can be summarized as follows:

Fig. 7 Particle identified as laves in the condition 750°C/100 h (a), diffraction pattern corresponding to the marked particle (b), 
TEM of carbon extraction replicas

Phase equilibria predicted for the system corresponding Table 4 
to the investigated AISI 316L steel using ThermoCalc software

Temperature range
[°C]

Secondary phases predicted to be in
equilibrium with austenite

500 – 657 M23C6 + M6C + sigma

658 – 744 M23C6 + sigma

745 – 849 M23C6

850 – 1500 –
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1. The transition between non-sensitised and sensitised states
was found to be between 1 and 2 h of annealing.  

2. Sigma, laves, and chi were identified in all the analyzed con-
ditions although they were not predicted to be equilibrium
phases at 750 °C. M23C6, predicted to be in equilibrium with
austenite at 750 °C, started to precipitate between 5 and 10 h
of annealing. 

3. Particles of sigma, chi, and M23C6 were observed mainly along
the grain boundaries. Laves formed fine mostly longitudinal
particles in the grain interior. After 50h of annealing this phase

was also observed on the grain boundaries in the form of
massive particles. 

4. The annealing time was found to influence the average metal
composition of the identified secondary phases slightly only. 
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1. Introduction

The strain rate is an external factor, which significantly influ-
ences the limit state of a material, its behaviour in the forming
process, as well as on the resulting properties of the formed prod-
ucts [1, 2, 3, 4, 11]. The influence of strain rate on the strength
characteristics (yield point, tensile strength) are described using
parametric equations [2, 5, 12]. However, the sensitiveness of
a material on the strain rate is a function of the material structure,
and it can generally be stated that the “more homogeneous” struc-
ture, the higher its sensitiveness to the strain rate [6, 7]. In general,
it applies that increased strain rate results in increased strength
characteristics of materials, while the yield point grows more inten-
sively than the tensile strength [6, 13]. As a result, increased strain
rate resulted in an increased of Re/Rm ratio, and for certain mate-
rials at critical strain rate is ratio Re/Rm 
 1, whereas are created
conditions of local loss of plastic deformation This fact signifi-
cantly influences the formability (in particular pressability) of
materials as a result of localization of plastic deformation to “suit-
able” places.

Plastic deformation is characterized by the fact that its develop-
ment is markedly non-homogeneous. The non-homogeneity degree
is a function of internal and external factors. The internal material
microstructure (number and structure of phases, grain size, and
structure type) is the internal factor. Increased grain size and number
of phases result in significantly increased non-homogeneity of
plastic deformation. The temperature, the strain rate and the stress
state are crucial external factors [4, 8].

The influence of the strain rate on the development of plastic
deformation should be assessed in terms of the deformed body.

From the macroscopic point of view, an increased strain rate results
in an increased non-homogeneity of deformation of the body as
a whole. From the microscopic and submicroscopic points of view,
the situation is opposite [8]. However, it applies that an increased
degree of plastic deformation results in an increased degree of
non-homogeneity.

Increasing the strain rate in forming semiproducts or products
is one of the ways of intensification of production. Therefore, an
attention is paid to the study of the influence of the strain rate on
the behaviour of material in the deformation process, but also on
the methodology of evaluation of formability at increased strain
rates (including impact ones) [9, 10].

The sensitivity of materials to the strain rate in the forming
process is, as mentioned earlier, a material function, and, therefore,
it is useful to analyse this sensitivity especially for new materials
intended for cold forming. This is necessary in order to determine
the limit state, as well as the properties of the final product. The
aim of the paper is to extend the pieces of knowledge and to point
out certain problems occurring during forming at increased rates
(up to impact loads).

2. Experimental material and procedure

Experimental program related to influence of strain rate on
plastic characteristics of steel sheets were realized on steel sheets
produced by cold forming process. Steel sheets marked as E280G
and H340LAD were cold rolled at thickness of 1 mm and next
were hot rolled at the final thickness of 8 mm. Microstructure of
tested steels is ferrite-pearlite. From steel sheets were taken samples
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in rolling direction which were for used for tensile test. The main
characteristics of tested steels (carbon content, grain size d, and
microalloying elements) are shown in Tab. 1 

The basic criteria for assessment of the formability of materi-
als obtained during the tensile test including the yield point Re ,
the tensile strength Rm , the elongation A, the Re/Rm ratio.

The presented test result were obtained on the INSTRON
tensile testing machine with the loading rate up to 1000 mm/min,
as well as on an instrumented pendulum impact testing machine
with the loading rate of up to approx. 5 m/s and on a drop tester.
By a suitable combination of the loading rate (v) and the deformed
length of test bars (L0), strain rates ε� � v/L0 ranging between
10�4 and 103 s�1 could be obtained.

The influence of the strain rate on the development of plastic
deformation was observed from the macroscopic and microscopic
points of view. The influence of the strain rate on the development
of deformation was observed on test bars, whose measured length
was divided into 1 mm divisions. Such prepared test bars were gra-
dually loaded to a certain strain degree (from approx. 5 to 30%).
After each strain degree, the distance between individual divisions
was measured. The test bars were loaded statically (10�3 s�1)
and dynamically (102 s�1). The mean non-homogeneity was eva-

luated, where n is the number of elements of 

the statistic population. The other quantities result from Fig. 8.
For evaluation of micro non-homogeneity of plastic deformation,
a similar procedure as for evaluation of macro non-homogeneity
was used. A metallographic sample was prepared on the test bar
stem, and a grid with the mesh size of 0.05 � 0.05 mm was created
using a microhardness tester in the area of 1 � 0.5 mm. The mean
strain ε was measured on the length of 1 mm, and also on each
division at individual strain degrees from 5 to 35%.

3. Influence of the strain rate on the basic 
mechanical properties

The influence of the strain rate on the basic mechanical prop-
erties of the tested steel C4 is shown in Fig. 1, which indicates
that increased strain rate results in increased strength properties,
while the intensity of growth of Re is higher than that of Rm . The
dependence of the strength properties on the strain rate for unal-
loyed high-grade steels in the interval from 10�3 to 103 s�1 was
described using parametric equations (1), (2), mostly in the shape
presented in [2, 5, 7],

(1)

(2)/lnR R Bm m 00
$ f f= +f f

o oo o ^ h

/lnR R Ae e 00
$ f f= +f f

o oo o ^ h

M n

U mx

n

1

$

=

/

where Re , Rm are the yield point and the tensile strength at the
respective strain rate ε�, and Reε� 0

, Rmε� 0
are the yield point and the

tensile strength at the static strain rate (10�3 s�1). The A and B
parameters are material constants characterizing the sensitivity of
the material to the strain rate. Fig. 2 shows the influence of the
strain rate on the increment of the yield point ΔRe of steel C33
after various heat treatments. The as-quenched steel has the lowest
sensitivity to ε�, because the martensitic structure has the greatest
number of obstructions to dislocation movement, and the as-nor-

ε.

Fig. 1 Influence of the strain rate ε� on mechanical properties 
of steel C4

Fig. 2 Influence of the strain rate ε� on the increment of strength proper-
ties ΔRe , or ΔRm, after heat treatment, compared with the initial state 

(ε� � 10�3 s�1) of steel C33, after various heat treatments

Fig. 3 Influence of the strain rate ε� on the increment of strength 
properties ΔRe , or ΔRm, compared with the initial state at 

ε� � 10�3 s�1 for various steel grades.
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malized steel has the highest sensitivity. Similarly, Fig. 3 documents
the influence of ε� on ΔRe and ΔRm of steels C4 and E500TS with
different grain sizes. The grain boundaries are insuperable obstruc-

tions to dislocation movement, therefore the finer grain the more
obstructions, and the steel is less sensitive to the strain rate ε�.

Mechanical properties of  tested steels at characteristic strain rates. Table 1. 

Tested steel Characteristics
ε� s�1

10�3 2.5 . 10�1 1 2.5 . 102

C4 
C�0.04% 

d � 0.031 mm

Re [MPa]
Re/Rm

A5 [%]

210 
0.65 
47

275 
0.8 
46

290 
0.83 
44

400 
0.93 
35

E280G
C�0.04% 

d � 0.009 mm

Re [MPa]
Re/Rm

A5 [%]

295 
0.70 
30

340 
0.79 
27

350 
0.80 
25

459 
0.9 
22

H340LAD 
Nb,V�0.1% 

d � 0.008 mm

Re [MPa]
Re/Rm

A5 [%]

350 
0.81 
26

380 
0.79 
26

430 
0.82 
26

540 
0.94 
24

C10 
C�0.10% 

d � 0.022 mm

Re [MPa]
Re/Rm

A5 [%]

280 
0.63 
41

340 
0.74 
40

360 
0.78 
40

490 
0.94 
40

C28 
C�0.28% 

d � 0.015 mm

Re [MPa]
Re/Rm

A5 [%]

370 
0.68 
30

410 
0.74 
30

420 
0.75 
31

540 
0.90 
33

C33 
C�0.33% 

d = 0.012 mm

Re [MPa]
Re/Rm

A5 [%]

440 
0.62 
27

451 
0.62 
26

470 
0.63 
26

630 
0.80 
27

C33 
quenched

Re [MPa]
Re/Rm

1910 
0.81

1910 
0.81

1910 
0.83

1935 
0.81

C33 quenched 
+temp. 300°C

Re [MPa]
Re/Rm

1480 
0.92

1525 
0.95

1540 
0.95

1600 
1.0

C33 quenched  
+temp. 550°C

Re [MPa]
Re/Rm

820 
0.90

840 
0.90

845 
0.90

900 
0.90

X350M 
C�0.1% Nb,V 
d � 0.010 mm

Re [MPa]
Re/Rm

A5 [%]

380 
0.79 
34

420 
0.80 
34

440 
0.83 
31

590 
0.1 
30

X420M 
C�0.1% Nb,V 

d � 0.0062 mm

Re [MPa]
Re/Rm

A5 [%]

430 
0.75 
30

485 
0.79 
30

500 
0.8 
30

610 
0.87 
30

X500M 
C�0.1% Nb,V 

d � 0.0037 mm

Re [MPa]
Re/Rm

A5 [%]

550 
0.86 
28

550 
0.86 
28

550 
0.86 
28

640 
0.88 
28

X560M 
C�0.11% Nb,V 
d � 0.009 mm

Re [MPa]
Re/Rm

A5 [%]

570 
0.87 
28

570 
0.87 
28

570 
0.87 
28

650 
0.89 
28

S315MC 
C�0.05% Nb,V 
d � 0.007 mm

Re [MPa]
Re/Rm

A5 [%]

390 
0.82 
38

420 
0.82 
38

440 
0.82 
38

570 
0.9 
37

S460MC 
C�0.07% Nb  

d � 0.006 mm

Re [MPa]
Re/Rm

A5 [%]

537 
0.86 
30

550 
0.86 
30

592 
0.86 
30

700 
0.87 
29

E500TS 
C�0.08% Nb,Ti  
d � 0.0056 mm

Re [MPa]
Re/Rm

A5 [%]

540 
0.84 
39

540 
0.84 
39

550 
0.85 
39.5

640 
0.94 
40
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In terms of assessment of formability, the Re/Rm ratio is the
most important criterion. Table 1 shows ratio Re/Rm of the tested
steels at four testing conditions (static –10�3 s�1, two quasi-static
�2.5 	 10�1 and 1 s�1 and dynamic 2.5 	 102 s�1) strain rates.

Based on the Re/Rm ratio at the static tensile test, the tested
steels can be divided into three groups: steels with Re � 300 MPa
and Re /Rm � 0.7, steels with Re �300 MPa and Re /Rm � 0.7,
and the third group is formed by steels with Re � 500 MPa and 
Re/Rm � 0.8.

The tests results shown in Tab.1, obtained on various steel
grades, confirm that an increased strain rate results in an increased
Re/Rm ratio and the intensity of this increase is a material function.
The fewer obstructions to dislocation movement in a material, the
more marked intensity of the influence of ε�. Fig. 4 shows an
example how the grain size influences the Re /Rm ratio at various
strain rates.

The analysis of the results of strength properties (Re , Rm)
obtained from tensile test shows that tested steels in strain rates
ranging of 10�3 to  2.5 	 102 s�1 shows the Re /Rm ratio � 1 and
in terms of the macro-volume, up to this strain rate the plastic sta-
bility can be maintained up to the strain value corresponding to
Rm. The critical value ε�cr , at the ratio Re /Rm will equal 1, is influ-
enced by the internal material structure and it can generally be
stated that the higher Re , which is considered to be a macroscopic
characteristic of the steel structure, the higher ε�cr . As proven by
the tests made on high-grade unalloyed steels with Re from 210 to
350 MPa (E280G, H340LAD), ε�cr is in the interval from 102 to
3.102 s�1.

4. Influence of the strain rate on the homogeneity of
plastic deformation

The elongation (A) and the reduction of area (Z) are the
macroscopic characteristics of the plasticity of steel. Fig. 5 shows
the graphic relationships ε� – A and ε� – Z. Tab. 1 shows the values
of these quantities at the characteristic strain rates. In terms of the

influence of the strain rate in the interval from 10�3 to 2.5 	 102

s�1 on the above-mentioned characteristics, the tested steels can
be classified under the group of steels where the elongation decreases
with the growing strain rate, and under the group where the elon-

gation does not change, or even grows. A decrease in the elonga-
tion with a growing ε� is only shown by steels with Re � 300 MPa
after exceeding Re/Rm � 0.82. Steels with a higher yield point

Fig. 4 Influence of the strain rate ε� on Re/Rm for various 
steel grades.

Fig. 5 Influence of the strain rate ε� on the elongation A5

and the reduction of area Z of various tested steel grades

Fig. 6 Distribution of plastic deformation along the test bar at impact
loading 102 s�1

Fig. 7 Distribution of deformation long the test bar at various total
strain degrees and impact loading 102 s�1 of steel 315MC
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maintain or even increase their elongation at Re/Rm � 0.82, too.
The non-homogeneity of distribution of deformation along the test
bar is influenced, besides the Re/Rm ratio, also by the Rm � Re dif-
ference. At a little difference, a very non-homogeneous distribu-
tion of deformation along the test bar, and hence a decreased
elongation, can take place. This assumption is confirmed by Fig.
6, which shows the distribution of deformation along the test bar
at the strain rate of 102 s�1 for steel C4, for which Rm � Re � 10
MPa, steel C33, for which this difference is 160 MPa, and for
steel E500TS, where this difference is 100 MPa. Fig. 7 documents
the results of measuring the strain distribution along the test bars
made of steel S315MC at individual degrees of total strain and
dynamic loading. The results of the influence of the strain rate on
the criteria of macro non-homogeneity M of the tested steels are
presented in Fig. 9. The results show that the non-homogenous
strain distribution along the test bar increases with an increased
strain degree. The influence of the strain rate on the strain distri-
bution along the test bar depends on the properties of steel. If
Re/Rm approaches to 1 at a given strain rate, then the non-homo-

geneity of strain distribution along the test bar significantly increases
(see Fig. 6, steel C4). If Re/Rm � 1 (0.82 to 0.9), the strain rate
favourably influences the strain distribution along the test bar
(Fig. 6 and Fig. 9).

The results of the influence of the strain rate on the criteria
for micro non-homogeneity of M and L are presented in Fig. 10
and Fig. 11. L is the range of the statistic population (Fig. 8). The
results confirms that the micro non-homogeneity increases with
an increasing strain degree.

The results of evaluation of non-homogeneity of plastic defor-
mation show that in the interval of these strain rates from 10�3 to
102 s�1 the non-homogeneity slightly decreases or does not change
with an increasing strain rate of the tested steels. This means that
forming these steels at higher rates practically does not influence
the properties of these products.

The intensity of increase in the non-homogeneity of plastic
deformation with an increasing strain degree is a function of the
structure, as shown by the results. The degree of non-homogene-
ity of the steel C33 with the ferrite and pearlite structure is as
many as three-times higher than that of steel C4 with the ferrite

Fig. 8 Histogram of strain distribution at the mean strain ε � 14.77%
of steel 315MC at the strain rate of 10�3 s�1

Fig. 9 Relationship between the mean macro non-homogeneity M and
the mean strain degree in a micro-area (1x0.5 mm) ε at the strain

rates of 10�3 and 102 s�1 of selected steels

Fig. 10 Relationship between the mean micro non-homogeneity M and
the mean strain degree in a micro-area (1x0.5 mm) ε at the strain

rates of 10�3 and 102 s�1 of selected steels

Fig. 11 Relationship between the range of the statistic population L 
and the mean strain degree in a micro-area ε at the strain rates of

10�3 and 102 s�1
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structure. It results from Fig. 9–11 that these relationships can be
described using the formulae M � a � k1 	 ε, L � b � k2 	 ε (k1

and k2 are material constants). Here it also applies that the less
obstructions to dislocation movement in steel, the more non-homo-
geneous its deformation process, but this deformation process is
practically not influenced by the increase in the strain rate.

5. Conclusions

The aim of the paper was to assess the influence of the strain
rate in the interval from 10�3 to 2.5 	 102 s�1 on the mechanical
properties, with regard to the plasticity of un-alloyed high-grade
steels with the yield point from 210 to 550 MPa. Based on the
analysis of experimental results obtained from a long time and lit-
erature knowledge, the following can be stated:
– The resistance of materials to plastic deformation increases with

an increasing strain rate, which increases the strength properties
of the tested steels and the yield point to tensile strength ratio
Re /Rm.

– The intensity of increase in Re /Rm with an increasing strain rate
is a function of the internal material microstructure. Re . The
intensity of increase in Re /Rm with an increasing strain rate is
the highest at steels with Re � 300 MPa, lower at steels with 
Re � 500 MPa, and slight at steels with Re � 500 MPa

– The influence of the strain rate on the plasticity (elongation and
reduction of area) values is based on Re /Rm. Only steels with Re

� 300 MPa show a decreased elongation in the observed strain
rate interval, from the strain rate where Re /Rm � 0.82. Steels
with a higher yield point maintain or increase their elongation.

– The non-homogeneity of plastic deformation increases with an
increasing strain degree. The intensity of macro and micro non-
homogeneity is a function of the internal material microstructure.
An increasing strain rate slightly decreases the micro non-homo-
geneity of plastic deformation. 
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1. Introduction

Specifically fiber-reinforced composites are one of the most
widely used man-made composite materials; they are constituted
by reinforcing fibers embedded in a matrix material.

The strength of the uniaxially oriented fibrous structures
strongly depends on the length of reinforcing fibers in case of short
fibers composites. The fiber and matrix properties, fiber aspect
ratio and volume fraction as well as their orientation distribution
strongly influence the mechanical response of these materials. Due
to the complexity of their microstructure, damage in short fiber
composites is extremely difficult to assess numerically or experimen-
tally. Damage involves several types of local degradation processes
such as matrix microcracking, fiber/matrix debonding leading to
fiber pullout and breakage, etc. These damage mechanisms can
occur successively or simultaneously and thus reduce the overall
properties of the composite.

Modelling can play an important role in the analysis and design
of fiber-reinforced composite materials. Their mechanical proper-
ties and possible failure modes can be predicted early during the
design stage using effective modeling techniques such, as FEM,
boundary element method, a fast boundary element method, mesh-
free and meshless method, etc. [6, 8]. Recent developments in com-
mercial FEA packages allow the designer to make the detailed
analysis of composites.

In a laminate, stresses in the individual layers with different
orientations are generally different. Therefore, some of the layers
probably reach their limiting stresses before the other remaining

layers and they fail first. This is generally referred to as first-ply
failure [1, 9]. A fiber-reinforced laminate may or may not be able
to carry loads except during the failure initiation, depending on
the nature of the first failure. There are two factors contributing
to this behaviour. First, the constituent materials are brittle in
nature and do not tolerate local failures. The second factor is
a large difference in stiffness and strength between the two prin-
cipal material directions in a layer.

This paper pertains to the micromechanical analysis of com-
posite materials with short fibers. The micromechanical analysis
takes into account the nature of the constituents and their distri-
bution. It can be used to evaluate the overall properties of com-
posites. Failure criteria are used to calculate a failure index (FI)
from the computed stresses and user-supplied material strengths.
The micromechanical analysis has been carried out using computer
package MATLAB. FEM is used as a tool to predict the laminate
strength based on the classical lamination theory [3]. Numerical
simulation has been prepared by using a commercially available
ANSYS code.

2. Micromechanics of composite material with short
fibers

The basic building block of a composite structure is a unidi-
rectional continuous fiber-reinforced lamina. Placed at various angles
of several unidirectional laminae we get a general composite struc-
ture. The classical laminate theory is the most commonly used
theory for analysing composites with randomly – oriented short
fibers [7, 10]. The laminates with the orientation of angles
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[0/�45/90] and [0/�60] are particularly very suitable for practi-
cal applications. In order to predict the strength of this type of
composite, it is best to use the maximum strain criterion and then
the strength of a composite with randomly-oriented short fibers
can be determined by using the properties of unidirectionally rein-
forced composites with short fibers.

Transverse shear stresses are important in failure investigation
of composite laminates, primarily because they cause delamina-
tion. The longitudinal and transverse modules of these composites
can be expressed by Halphin Tsai equations [7] 

(1)

where

(2)

while the superscripts (m) and (f) refer to matrix and fiber, respec-
tively, ζE is a reinforcing factor. It depends on the geometry of the
fiber in a composite, the packing arrangement of the fibers and its
loading conditions. It ranges in value between 1 and 2. However,
only when a reliable experimental value of the E2 is available for
a composite, the factor ζE can be derived and then applied to
predict the E2 for a range of fiber-volume ratios of the same com-
posite. 

A random microstructure results in transversely isotropic prop-
erties on a meso-scale level. A simple alternative is to assume that
the random microstructure is well-approximated by a periodic micro-
structure model (Fig.1) [9]. Periodic microstructure mechanics
exploits the geometric periodicity of the system in order to sim-
plify mechanical field variables, such as stress, strain, and stiffness.
In general, there is a correlation between all of these terms and the
position inside the representative volume element (RVE) [11].
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A simpler alternative is to assume that the random microstruc-
ture is well approximated by the hexagonal microstructure dis-
played in Fig. 2.

The elastic properties of a homogenized material can be com-
puted by [2], i.e. the longitudinal and transversal Young’s moduli
E1 and E2 , the longitudinal and transversal Poisson’s ratios v12

and v21 and the longitudinal shear modulus G12, as follows

E1 � C11 � 2C 2
12/(C22 � C33)

v12 � C12/(C22 � C33) (3)

E2 � (C11(C22 � C33) � 2C 2
12)(C22 � C33)/(C11C22 � C 2

12) 

C12 � C66

In order to evaluate the elastic matrix C of a composite, the
RVE (fig. 3) is subjected to an average strain. 

Then the volume average of the strain in the RVE equals to
the applied strain

. (4)                      

The components of the tensor C are determined by solving
three elastic models of the RVE with its parameters (a1, a2, a3)
subjected to the boundary conditions (BC). The unit strain applied
to the boundary results in a complex state of stress in the RVE.

V
dV

1
ij ij

V
f f=r #

Fig. 1  A periodic microstructure model, square array of fibers.

Fig. 2 A hexagonal microstructure model

Fig. 3 Representative volume element (RVE)
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Subsequently, the volume average of stress in the RVE equals the
required components of the elastic matrix as follows 

. (5)

The coefficients in C are specified by setting a different problem
for each column of C. Then the components Cij are determined in
three steps: 
1. For the components Ci1 (i � 1, 2, 3), the strain is applied to

stretch the RVE in the fiber direction x1

ε0
1 � 1,

ε0
2 � ε0

3 � γ0
4 � γ0

5 � γ0
6 � 0 (6)

and the applied BC are

u1(a1, x2, x3) � a1,  u2(x1, a2, x3) � 0,  u3(x1, x2, a3) � 0,

u1(0, x2, x3) � 0,  u2(x1, 0, x3) � 0,  u3(x1, x2, 0) � 0, (7)

The coefficients Ci1 are specified by using the expression

. (8)

2. For the components Ci2 (i � 1, 2, 3), the strain is applied to
stretch the RVE in the direction x2. 

ε0
2 � 1,

ε0
1 � ε0

3 � γ0
4 � γ0

5 � γ0
6 � 0 (9)

and the applied BC are

u1(a1, x2, x3) �0,  u2(x1, a2, x3) � a2,  u3(x1, x2, a3) � 0,

u1(0, x2, x3) � 0,  u2(x1, 0, x3) � 0,  u3(x1, x2, 0) � 0, (10)

Again, the coefficients Ci2 are specified by using 

. (11)

3. For the components Ci3 (i � 1, 2, 3), the following strain is
applied to stretch the RVE in the direction x3. 

ε0
3 � 1,

ε0
1 � ε0

2 � γ0
4 � γ0

5 � γ0
6 � 0 (12)

and applied BC are

u1(a1, x2, x3) �0,  u2(x1, a2, x3) � 0,  u3(x1, x2, a3) � a3,

u1(0, x2, x3) � 0,  u2(x1, 0, x3) � 0,  u3(x1, x2, 0) � 0, (13)

Equally, the coefficients Ci3 are specified by using

Ci i2 v= r

Ci i1 v= r

C
V

Vd
1

ij i i
V

v v= =r #

. (14)

The coefficient C44 can be determined as follows

. (15)

The fiber-volume fraction is expressed as

. (16)

3. Failure criteria for fiber-reinforced orthotropic layers

The strength of unidirectional fibers composite materials
depends on the direction of fibers on a macroscopic scale. Com-
posite layers are much stronger in the fibers direction than in the
direction perpendicular to their fibers. For loads that are primarily
parallel to the fibers, either in tension or compression, the mater-
ial strength is generally determined by the failure of the fibers. For
loads transverse to the fibers, failure is controlled by the failure of
the much weaker matrix material. The strength of a composite
layer in any other direction is based on various failure criteria [4].
Failure criteria for unidirectional fiber composites used in this paper
assume a state of plane stress and are therefore only applicable to
thin laminates. New 3D criteria for thick composites are derived
in [12].

3.1 Maximum stress and maximum strain criteria

The basic assumption in predicting the failure of fiber-reinforced
layers using the maximum stress and maximum strain criteria is
the same as for any other isotropic material. Failure is assumed
when the maximum stress along the fiber or transverse to the fiber
directions exceeds the strengths in tension or compression.

The failure surface is defined as

σ1 � Xt ,    σ2 � Yt for      σ1, σ2 � 0

σ1 � �Xc ,    σ2 � �Yc for      σ1, σ2 � 0 (17)

where X and Y represent the ultimate strengths along and
transverse to the fiber directions respectively, indexes t and c refer
to tension and compression, respectively, S is the ultimate in-plane
shear strength of a specimen under pure shear loading.

Similarly, the maximum strain criterion states that failure
occurs when one of the following inequalities is violated

,      ,      ε1, ε2 � 0  
(18)

,  ,  ε1, ε2 � 0
E

Yc

2

2
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2 1f
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1

1
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3.2 Tsai-Wu criterion

A more general form of the failure criterion for orthotropic
materials under plane stress is expressed as [7]

F01σ1 � F11σ2
1 � 2F12σ1σ2 � F02σ2 �

� F22σ2
2 � F44τ2

12 � 1  (19)

where

, , , ,

, .

The failure criterion for an orthotropic material under a strain
is expressed as

G01ε1 � G11ε2
1 � G12ε1ε2 � G02ε2 �

� G22ε2
2 � G44γ2

12 � 1 (20)

where

G01 � F01E11 � F02E12 ,  G02 � F02E22 � F01E12 ,

G11 � F11E2
11 � F22E2

12 � F12E11E12 ,

G22 � F22E2
22 � F11E2

12 � F12E22E12 ,

G12 � 2E12(F11E11 � F22E22) � 2F1(E2
12 � E11E22 ),

G44 � F44E2
44 .

When , the Tsai-Wu criterion is reduced to the 

Tsai-Hill criterion, and when the Tsai-Wu criterion 

is reduced to the Hoffman criterion [7].

These failure criteria are used to calculate a failure index (FI)
from the computed stresses and user-supplied material strengths.
The failure index as a response of quantity is used for several
FEM packages and it is defined as

. (21)

Failure criteria predict the first occurrence of failure in one of
the laminate layers. A value less than 1 denotes no failure and

I
strenght
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F
X X2

1

t c
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-
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X2

1
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12 2
=

-
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22 =

G
S

12

12

1c

failure is predicted when IF 
 1. The strength ratio is the inverse
of the failure index. 

It is important to distinguish between the fiber failure (FF)
and the inter-fiber failure (IFF). In the case of shear plane stress,
the IFF criteria discriminates three different modes [1]. The IFF
Mode A is when perpendicular transversal cracks appear in the
lamina under transverse tensile stress with or without in-plane
shear stress. The IFF Mode B denotes perpendicular transversal
cracks, but in this case they appear under in-plane shear stress with
small transverse compression stress. The IFF Mode C indicates
the start of oblique cracks when the material is under significant
transversal compression.

The FF and the three IFF modes yield separate failure indices.
The failure index for FF is defined as

. (22)

For IFF with positive transverse stress, Mode A is active. The
failure index in this case is defined as

if   σ2 
 0, (23)

where p6t � 0.3.

Under negative transverse stress, either Mode B or Mode C is
active, depending on the relationship between in-plane shear stress
and transversal shear stress. The failure indices are defined as

(24)

(25)

where p6c � 0.2. 

The limit between Mode B and Mode C is defined by the rela-
tion F2A/F6A , where

, (26)

, . (27)

4. Numerical examples 

Example 1:
In this example, a composite with randomly oriented fibers is

assumed with its material characteristics for the fibers: Ef � 210 GPa,
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vf � 0.3 and for the matrix Em � 31 GPa, vm � 0.15. The geomet-
rical characteristics of the fibers are L � 6 cm, d � 0.75 mm. 

The material characteristics of the composite material given
for a variable amount of fibers are shown in Tab. 1, including their
Young’s modulus E and Poisson’s ratio . 

For the given amount of fibers of 30kg/m3 and 60kg/m3, there
are only minor differences in the material characteristics regardless
of the method used, whether the Halphin Tsai method, the periodic
microstructure model or the classical laminate theory. The corre-
lation between the modulus of elasticity and the fibers volume
fraction is given in Fig. 4.

The modules of elasticity – the first-ply E1FAIL, the second-ply
E2FAIL and the ultimate failure E3FAIL in a fictitious laminate
[0/45/-45/90]S are used instead of these in a composite with short
fibers. The values calculated using the classical laminate theory
are given in Tab. 2. 

The main characteristic essentially changed is the strength of
a composite with short fibers. In the absence of more accurate
information, the average and characteristic value of an equivalent
flexural tensile strength for steel wire fibers can be calculated as
follows [5]

(28)

with C � 20 for hooked-end steel fibers under the trade name of
Dramix, where Wf is the fiber content (in kg/m3), df is the diame-
ter of steel fibers, and λf is the ratio between the length and the
diameter of steel fibers. The flexural tensile strength ffctm,eq and
characteristic flexural tensile strength ffctk,eq for fibers are given as
(Tab. 3)

, ffctk,eq � 0.7ffctm,eq . (29)f
R f

100
,

,

fctm eq

e fctm eq,m 150

=

180
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C W d

W d180
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f f f

f f f

,m 150 1
3

1
3

m
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Example 2:
In this example, failure indices were determined. In this case

the laminate consists of four layers [30/60/90/0] made from the
uniform material AS4D/9110 [11] with the uniform thickness.
The dimensions and the boundary conditions are described in Fig.
5.

The model is obtained by using the ANSYS input command
sequence and the element SHELL99. Following the generation of
model material strengths, the failure indices were calculated. The
strength constants of AS4D/9110 material are: F1t � 1830 MPa,
F1c � �1096 MPa, F2t � 57 MPa, F2c � �228 MPa, c6 � �1,
c5 � �1, c4 � �1.

The results are summarized in Tab.4, where IF,MAX S is the
maximum stress failure index and IF,TW is the Tsai-Wu failure
index. As can be seen from the given results, the maximum FI’s
are in layer 1. The distribution of failure indices is given in Fig. 9.
In the following two layers the maximum FI’s occurred in the

Material characteristics Tab.1

Halphin Tsai
Periodic micro-
structure model

Classical
laminate theory

30
kg/m3

60
kg/m3

30
kg/m3

60
kg/m3

30
kg/m3

60
kg/m3

E Young’s
modulus [GPa]

31.644 31.795 31.239 31.426 331.470 31.960

Poisson’s ratio 0.151 0.151 0.150 0.151 0.1470 0.1480

Modules of elasticity Tab. 2 

30kg/m3 60kg/m3

E1FAIL [GPa] 31.47 31.96

E2FAIL [GPa] 23.66 24.10

E3FAIL [GPa] 15.75 16.02

Fig.4. The correlation between the modulus of elasticity 
and the fiber volume fraction

Fig. 5 Loads and the geometry of the laminate and the numbering of
its layers

Flexural tensile strengths Tab. 3

30 kg/m3 30 kg/m3

RC80/60-BN
60 kg/m3 60 kg/m3

ZC30/.50 

ffctm,eq [MPa] 2.448 2.26 3.519 3.40

ffctk,eq [MPa] 1.714 1.83 2.463 2.40
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middle of the laminate. Moreover, the distribution of the FI’s in
layer 4 is different, the FI values are the smallest and their loca-
tions changed. The minimum values occurred in the corner of the
laminate where it is fixed.

5. Conclusion

Some calculation methods for the calculation of the modulus
of elasticity and the strength of randomly reinforced composite
materials are derived in the first example. There are no significant
differences in the modulus of elasticity when using the Halphin
Tsai method, the periodic microstructure model or the classical

laminate theory. The main characteristic that changed essentially
is the strength of a composite with short fibers. In the second
example failure criteria are presented using failure index. The
maximum failure index was calculated using the maximum stress
criterion. A laminate plate from AS4D/9110 material was used
and the maximum stress failure index IF,MAXS and the Tsai-Wu
failure index IF,TW were computed.
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Failure indices Tab. 4

No. Lamina
IF,MAX S IF,TW

Max.              Node Min.               Node Max               Node Min.               Node

1. 1.29e-2 1 3.32e-7 212 9.52e-3 519 �5.64e-5 202

2. 7.64e-3 4 1.23e-7 212 5.79e-3 4 �3.63e-5 202

3. 3.56e-3 1 0.50e-7 262 1.33e-3 4 �1.92e-4 24

4. 3.22e-6 202 0.35e-9 6627 0.1e-12 202 0.34e-18 467

Fig. 9 The distribution of failure indices IF,MAX S , IF,TW in the first lamina
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1. Introduction

The steady-state creep rate ε� at a given applied stress σ increases
with temperature T according to the Arrhenius equation (e.g. Cadek
[1])

where  (1)

is the apparent activation energy of creep and R is the universal
gas constant. The increase of the creep rate at a given temperature
with applied stress is mostly described by the power law

where  (2)

is the stress sensitivity parameter (see Garofalo [2]). Combining
Eqs (1) and (2), an equation

(3)

is obtained describing the dependence of creep rate on both the
variables determining experimental conditions (e.g. Cadek [1],
Sherby [3]). The main role of elasticity modulus in shear G is to
avoid the problems with physical units in the case when n is not
equal to integer.

The values of apparent activation energy and of stress sensitivity
parameter are implicitly assumed to be constant but nearly all the
results of creep tests show that the apparent activation energy
depends on applied stress and the stress sensitivity parameter
depends on temperature. The solution of these contradictions is
the main aim of the present paper.
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During several last decades the main attention was paid to
physical approach: various creep mechanisms were described by
means of many different models. Each of the models leads to certain
integer value of stress sensitivity parameter in the range from 1 to 7
(see e.g. Cadek [1]). The results of creep experiments lead to real
values of this parameter sometimes substantially overreaching the
value of 10. The approach presented in this paper is fully phenome-
nological but without any limitation of the stress sensitivity para-
meter value.

2. New relation for steady-state creep rate

Apparent activation energy Qa is defined for constant applied
stress and stress sensitivity parameter n is defined for constant tem-
perature, see Eqs (1) and (2). Therefore, dependences Qa � Qa(σ)
and n � n(T)  can be considered. Considering Eqs (1) and (2),
the creep rate can be concurrently expressed in the following two
ways

and (4)

because the factor of proportionality A can be dependent (at least
principally) on applied stress and the factor of proportionality B
can be dependent on temperature. But both relations (4) should
be equivalent in principle. To derive the common equation, the
values σ � 1 (MPa) and/or T → ∞ are introducing, for which Eqs
(4) turn substantially simpler [4]
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The steady-state creep rate increases with testing temperature according to the Arrhenius law and its increase with applied stress is usually
described by the power law. Simple multiplication of these two laws leads to the dependence of steady-state creep rate on both the variables.
Apparent activation energy and stress sensitivity parameter perform in the combined law as constants but most measurements show their
dependence on some of the variables. An equation respecting these experimental facts and simultaneously also based on the Arrhenius
equation and the power law is derived and verified using some published results of creep tests. It can be presented geometrically by hyperbolic
paraboloid. Resulting from this equation, the dependence of yield stress on temperature and strain rate and also an equation describing the
relaxation curves are deduced.
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Using new declarations (and taking into account negative values
of p)

, , 

and (6)

the apparent activation energy as well as the stress sensitivity
parameter can be expressed as

,  and  (7)

and the form of the searched dependence is

(8)

Eq. (7) explains the meaning of parameter E: it represents
apparent activation energy for applied stress σ � σ0/e (e �
� 2.7182818… is the base of natural logarithms).

3. Geometrical explication of final equation and its
parameters

Logarithmic form of Eq. (8)

(9)

obtains in coordinates

, , , , 

, and  (10)
a simple form

z(x,y) � a(x � x0)(y � y0) � z0 , where a � E/R (11)

which represents the equation of hyperbolic paraboloid with the
origin in point (x0 , y0 , z0). This fact explains the meaning of
parameters T0 , σ0 and ε�0 . The equation of hyperbolic paraboloid
(11) written for (0,0,0) origin

z(x,y) � axy (12)

differs from the most usual form

x2 � y2 � bz,  where  b � 2/a (13)

because the paraboloids (12) and (13) are turned one to the other
by 45° round the z-axis.

Analyzing Eq. (8) it can be said:
1. For the temperature T � T0 the creep rate is independent of

applied stress (arbitrary number raised to 0 is equal to 1).
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, A B1 13 3f = =o ^ ^ ]h h g Therefore the curves ε� � f(T) for various applied stresses
intersect in one point and its coordinates are T0, ε�0 . In the
1/T � ln ε� fit these curves are represented by straight lines
with the slope equal to the ratio Qa/R , see Eq. (1).

2. For the applied stress σ � σ0 the creep rate is independent of
temperature (1 raised to arbitrary number is equal to 1). There-
fore the curves ε� � f(σ) for various temperatures intersect in
one point with coordinates σ0 , ε�0 . In the ln σ � ln ε� fit these
curves are represented by straight lines with slope equal to
stress sensitivity parameter n, see Eq. (2).

Representation of the curves ε� � f(T) and ε� � f(σ) by straight
lines in the fits 1/T � ln ε� and ln σ � ln ε� follows directly from the
fact that Eq. (8) describes hyperbolic paraboloid in coordinates
(10). Depicting of Eq. (8) not only in 3D by hyperbolic paraboloid
but also in 2D by families of straight lines if coordinates (10) are
used, defines unambiguously the geometrical meaning of parameters
T0 , σ0 and ε�0 as well as the meaning of the fourth parameter 
E � Qa(σ0/e) describing in fact the scale factor of the third axis
with respect to the first two axes. It is the greatest advantage of
Eq. (8) that for the complete description of steady-state creep rate
dependence on temperature and applied stress only four parame-
ters are enough. Obversely, the disadvantage of using parameters
T0, σ0, ε�0 and E is low accuracy of their determination on the base
of regression of experimental creep data using regression function
(8) because the values of these parameters are far from the regions
of testing temperatures, applied stresses and creep rates covering
usual experimental conditions.

4. Verification of new equation

The derived equation (8) was verified using the test results of
Sklenicka et al. [5, 6] obtained by studying creep of P91 steel. The
experimental results and the fit using regression equation (8) are
given in Fig. 1 (dependence on applied stress for various tempe-
ratures) and in Fig. 2 (dependence on temperature for various
applied stresses, see converse reciprocal temperature axis on top of
figure). In Fig. 2 only a part of results is plotted – only when
a certain stress was applied at least at two temperatures.

Averages and standard deviations of regression parameters
together with standard index of determination r2 and corrected
index of determination r2

corr are presented in Table 1.

The points of intersection of straight lines are (1478 MPa,
10.8 s�1) for Fig. 1 and (1270 K, 10.8 s�1) for Fig. 2. Parameter
E represents the apparent activation energy for the applied stress
σ � σ0/e � 544 MPa. Because the values of regression parameters
are substantially higher than typical values of strain rates, applied
stresses, and temperatures, their determination cannot be very
accurate in principle, see the values of standard deviations in Table
1 (but in spite of quite high values of standard deviations – relatively
to the averages of regression parameters – the fit of experimental
data is very successful which coincides with high values of the
indexes of determination). The other consequence of this fact is
that the values of regression parameters can hardly be interpreted
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as certain important quantities directly connected with the test
material. Maybe only temperature T0 (which is here 1270 K �
1000 °C) could be interpreted as a very rough approximation of
limit temperature at which the microstructure of test material
changes by phase transformation.

Changing slopes in both figures mean that the stress sensitivity
parameter is quite strongly dependent on temperature and that the

apparent activation energy is quite strongly dependent on applied
stress. The values of stress sensitivity parameter are not even
approximately equal to an integer and they reach sometimes even
15 or more. It seems that the classical approach based on assump-
tion of different particular mechanisms of creep deformation, rep-
resented by small integer constant values of the stress sensitivity
parameter independent of temperature, should be modified and
temperature dependence of this parameter should be considered,
e.g. according to Eq. (7).

5. Low temperature phenomena

Eq. (10) can be also a starting point for the description of the
dependence of yield stress on temperature and strain rate as well
as for the description of stress relaxation curves, in both cases at
temperatures lower than the usual temperatures of creep behav-
iour of studied material are. Only two following modifications are
useful to do:
1. For both these phenomena often connected with substantially

lower temperatures than creep it can be considered that T0 → ∞
(i.e. p � 0), which simplifies the description.

2. For lower temperatures the internal stress is necessary to
introduce in the relation for applied stress which, on the other
hand, a little complicates the description, i.e.

(14)

where σG is the internal stress connected with long-range obstacles
and σef is the effective stress connected with short-range obstacles
of dislocation motion. The internal stress is nearly temperature-
independent but it strongly depends on the development of dislo-
cation structure, i.e. on the level of plastic deformation. On the
other hand, short-range obstacles can be overcome with the assis-
tance of thermal fluctuations and, therefore, the effective stress is
strongly dependent on temperature and strain rate.

5.1 Yield stress

One of the most important stress values of test material is yield
stress σy, i.e. the loading stress at which first substantial motion of
dislocations appears and, in fact, plastic deformation starts to
develop (ε � 0, σG � const.). Respecting both the low-tempera-
ture features mentioned above, the relation

(15)

for the description of yield stress dependence on temperature and
strain rate can be written. Its validity can be verified by experi-
mental results of Vlach et al. [7] studying the dependence of yield
stress on temperature and strain rate for Cr-Mo steel used for
pressure vessels. The yield stress was measured in the temperature
range �196 to �20 °C, i.e. 77 to 293 K, and the strain rate range
0.0014 to 11 s�1. Experimental points and fitting curves drawn in
Fig. 3 show that the description of the dependence by Eq. (15) is
very successful.
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Fig. 1 Dependence of steady-state creep rate of P91 steel on applied
stress for the given temperatures (Sklenicka et al. [5, 6]) and its

regression using Eq. (8).

Fig. 2 Dependence of steady-state creep rate of P91 steel on
temperature for the given applied stresses (Sklenicka et al. [5, 6]) 

and its regression using Eq. (8).

Regression parameters and indexes of determination Table 1

ε�0 [s�1] E [kJ/mol] σ0 [MPa] T0 [K] r2 [1] r2
corr [1]

10.8�3.0 303�36 1478�329 1270�66 0.990026 0.989217
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Another verification of Eq. (15) can be made using the exper-
imental results of yield stress measurements of low-carbon steel
published by Meyers [8]. The measurements were made in the
temperature range 195 to 713 K, i.e. �78 to �440 °C, and in the
strain rate range 10�3 to 105 s�1. For the verification, only the
range 1 to 103 s�1 was chosen, in which the measurements were
made over the whole temperature range given above. Experimen-
tal results and their fit are drawn in Fig. 4. Also in this case the
description of the dependence by Eq. (15) is very successful.

Both Fig. 3 and Fig. 4 testify to the validity of Eq. (15), which
was obtained on the basis of the newly derived Eq. (8).

5.2 Stress relaxation

The basis of the stress relaxation description consists in the
proportionality between the strain rate and the rate of stress
decrease

(16)

where M is modulus of elasticity of the system formed by a test bar
and a testing device. Introducing this relation into Eq. (8), substi-
tuting p � 0 and considering effective stress σ ef instead of applied
stress σ, a differential equation

(17)

is obtained, which can be solved by direct integration. Its solution
is

(18)

where σ(0) is the initial value of stress (for t � 0) and parameters
α and m are temperature-dependent and they substitute the fol-
lowing more complicated expressions

and  

(19)

Eq. (18) is formally equivalent to the equation

(20)

derived by Li [9] using considerations different from the consid-
erations applied in this paper. Moreover, no further specifications
of parameters K and a were given and no connection between
parameter m and temperature was described by Li [9].
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Fig. 3 Dependence of yield stress of Cr-Mo steel on temperature for the
given strain rates (Vlach et al. [7]) and its regression using Eq. (15).

Fig. 4 Dependence of yield stress of low-carbon steel on strain rate for
the given temperatures (Meyers [8]) and its regression using Eq. (15).

Fig. 5 Results of relaxation measurements of ferritic nodular 
cast iron (Kohout [10]) and its regression using Eq. (18).
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To verify Eq. (18), the relaxation curves of ferritic nodular
cast iron determined by the author [10] were used, see Fig. 5. This
figure (as well as all the previous figures) shows very good agree-
ment between measured points and fitting curves.

The relaxation of many other metallic materials was studied
with the same result: Eq. (18) provides for a better fit of experi-
mental data than all the other equations used for this purpose.

6. Discussion

Eqs (8), (15), and (18) describe phenomena connected with
creep, yield stress, and stress relaxation using common parame-
ters ε�0 , σ0 , E and T0 or σG . In the case of creep temperature T0

plays a significant role while internal stress σG can be mostly
neglected with respect to effective stress σef . On the other hand,
in yield stress effects and during stress relaxation nonzero internal
stress σG should be considered while the term 1/T0 disappears
considering T0 → ∞. Naturally, parameters ε�0 , σ0 and E are
common for all studied phenomena and their values can be deter-
mined by studying some of these phenomena. Then in the case of
studying another phenomenon from those mentioned, the values
of common parameters can be used e.g. for rough estimation or
forecast of behaviour of studied material during the other phe-
nomenon. An example is given by Kohout [10]: to determine the
dependence of yield stress on temperature and strain rate it is suf-
ficient to determine only strain rate dependence. The temperature
dependence can be estimated on the basis of the value of parame-
ter E determined from exponent m of the stress relaxation curves,
see Eqs (15), (18) and (19). In the last resort only one test bar can

be sufficient for a rough estimation of the temperature and strain
rate dependence of yield stress, see [10].

7. Conclusions

1. Although using only four regression parameters, the newly
derived relation describes the dependence of steady-state creep
rate on temperature and applied stress better than the classi-
cally used Sherby relation does.

2. The newly derived relation respects a certain dependence of
activation energy on applied stress and of the stress sensitiv-
ity parameter on temperature.

3. Based on the newly derived relation, the dependence of yield
stress on temperature and strain rate can be deduced, which
provides for a very good fit of experimental results.

4. Also the equation describing the relaxation curves better than
the usually used equations do can be deduced from the newly
derived relation.

5. Although being phenomenological, the presented consistent
description of creep, yield stress, and relaxation issuing from
the same base enables to study these phenomena commonly,
using common set of parameters. The values of these para-
meters determined during studying one of these phenomena
can be used in the description or prediction of the other phe-
nomena.
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1. Introduction

Zinc coated deep-drawing sheet is marketable in many indus-
trial applications including first of all automotive industry. The
barrier effect of zinc protects steel against corrosion in several
environments [1, 2]. A light weight design, required mainly nowa-
days, is possible only with the application of higher strength steel,
with maintained plastic properties, the latter essential for steel used
in automotive industry. It can be obtained by the use of micro
alloyed steel sheet, with micro alloying (under � 0.15%) applied
together with controlled cooling rolling (thermo-mechanical treat-
ment). For the increase of strength, grain refinement and precipi-
tation strengthening is used. The grain refinement has a beneficial
effect on plastic properties too, and it can offset the adverse effect
of precipitation hardening [3, 4, 5]. Micro alloyed steel sheet has
finer grain than usual steel sheet and that is why the criteria for
plastic formability of the sheet are to be modified.

In this contribution the deep-drawing and fatigue properties
of selected zinc coated steel sheet are analyzed. The increase of
productivity in current press lines is sought in the increase of the
pressing speed at first. It means the increase of the strain rate.
Higher strain rate results higher resistance of the material to plastic
deformation, and changes in the deformation process of the mate-
rial [5, 6, 7]. As references show, up to a certain value of the strain
rate the plastic deformation properties of the material do not
change significantly, or the plasticity can even grow slightly [7,8].
The intensity by which the strain rate can influence the plastic
properties is strongly material dependent [4, 5].

The critical degradation mechanisms influencing the life of an
automobile part are the fatigue and corrosion. Cyclic loading is

frequently the main factor of surface damage and, on the other
hand, surface damages can decrease fatigue properties significantly.

The aim of this contribution is the analysis of plasticity for
selected deep drawing zinc coated micro alloyed steel sheet and
the evaluation of the influence of strain rate on the analyzed prop-
erties, as well as to determine the fatigue properties and to monitor
the behavior of the zinc layer during forming and fatigue life.

2. Experimental material and methods

Experimental test pieces were made from 2 mm thick stripes
made of micro alloyed cold rolled steel which was hot zinc coated
after rolling. The steel was grade H220YD (C � 0.01%, Al � 0.01%,
Ti � 0.012%, Nb � 0.022%) and H380LAD (C � 0.15%, Al �
� 0.01%, Ti � 0.015%, Nb � 0.09%). The grade H220YD has
actually a ferritic microstructure with the mean grain size of 0.016
mm (Fig. 1) and the grade H380LAD has ferrite with the mean
grain size of 0.0056 mm with a small amount of pearlite (Fig. 2).
Cut outs were made from the sheet and flat test pieces oriented in
the direction of rolling were machined for tensile testing. The
same was applied for the deep drawing Erichsen tests and fatigue
tests in bending.

For static tensile tests a universal test machine INSTRON 1185
was used and this machine was used retooled with an Erichsen test
fixture for the deep drawing tests in the press tool velocity interval
from 3.3.10�3 m.s�1 to 1.10�3 m.s�1. Deep drawing tests with
ram speed of up to 2.5 m.s�1 were made in a drop weight tester.
The fatigue properties of the steel sheet were tested in bending
with symmetrical fatigue cycles at 35 Hz for the limit NC � 107.
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The behavior and integrity of the zinc coating layer was moni-
tored in both macro and microscope.

3. Results and discussion

The tensile test results for the tested 2 mm thick sheet are in
Tab. 1.

As shown in Tab. 1 the steel grade with higher strength
(H380LAD) has the measured plasticity values lower (A80 , n)
compared to the steel grade H220YD. The increased strength of steel
grade H380LAD in comparison to grade H220YD is first achieved
by the finer grain and precipitation strengthening due to the higher
carbon content and micro alloying elements. According to the elon-
gation values A80, deformation strengthening exponent n, and the
ratio Rp0,2/Rm the steel grade H220YD sheet belongs into the
group of deep drawing sheet, suitable for deep drawing. Steel grade
H380LAD sheet cannot be put into this group for the obtained
characteristic values. During plastic deformation for the steel grade
H380LAD sheet a higher strengthening modulus D was obtained,
tested for the 10% part of the total deformation.

Basic information about the formability of the steel sheet can
be obtained by tensile testing. However, the formability of the sheet
is influenced by a number of factors arising from the production
technology applied [7, 9, 10]. Important characteristics of forma-
bility can be obtained by technological tests. Tab. 2 presents the
results of deep drawing Erichsen tests (IE – is the Erichsen number)
at different press tool velocities.

Erichsen deep drawing test results showed that the indenta-
tion depth up to the fracture of the indented cup (IE) is actually
the same for both steel grades used, though they have large dif-
ferences in elongation A80 . This can be caused due to difference
in the stress distribution at the Erichsen deep drawing test and
during tensile test.

The influence of the strain rate on the IE values is plotted in
Fig. 3. As it can be seen,  for the increase of the press tool veloc-
ity up to about v � 0.2 m.s�1 there is a slight growth of the IE ,
then there is a slight decrease of the IE value. For the highest
velocity 2.5 m.s�1 the obtained value IE is the lowest. The turning
point velocity 0.2 m.s�1 marking the start of the IE value decrease
is roughly equivalent to the strain rate 1 s�1. The experiments are in
good agreement with data reported in references [6, 7, 8], declar-
ing that up to the strain rate of about 1 s�1 there is no significant
decrease of steel sheet formability by the increase of the press tool
velocity, and in this zone the traditional deep drawing criteria can
be applied.

During testing and production by forming due to the hetero-
geneity of deformation the instant strain rate of a local spot is
changing and can be different from the mean value calculated and
can be significantly higher. The homogeneity of the plastic defor-
mation is dependent on the microstructure of the steel sheet and

Fig. 1 Microstructure of steel sheet H220YD

Fig. 2 Microstructure of steel sheet H380LAD

Mechanical properties of steel sheet Tab. 1. 

Steel Grade
Rp0,2

[MPa]
Rm

[MPa]
A80

[%]
n Rp0,2/Rm

D
[MPa]

H220YD
H380LAD

246 
382

371 
509

32.7
24.1

0.21
0.17

0.66
0.75

3590
5050

Erichsen deep drawing test results for Tab. 2. 
different press tool velocities v

Steel Grade v [m.s�1] 3.3. 10�3 8.34.10�3 1.6.10�2 2.10�1 2.5

H220YD IE [mm] 12.5 12.6 13.0 12.7 11.2

H380LAD 12.4 12.5 12.6 12.5 11.5
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on the applied forming technology [4, 5]. The critical forming
velocity depends on these factors, too.

The susceptibility of the material to influences caused by strain
rate depends on the internal composition of the material. In gen-
erally, the higher homogeneity of the internal structure  and the
lower amount of barriers to the movement of dislocations causes
that material is more sensitive to strain rate [4, 5]. Deep drawing
test results show, too, as shown in Fig. 3 that the IE value for steel
grade H380LAD sheet (Re � 382 MPa) is less susceptible to strain
rate than steel grade H220YD sheet (Re � 246 MPa).

The outstanding decrease of the IE at impact forming (v �
� 2.5 m.s�1) is due to different factors. We suppose that the deci-
sive factor is heterogeneity of the plastic deformation distribution
during the forming of the cup at very high strain rates and the
deformation is localized in the critical parts of the cup. This can
result in a decrease of the total value of plasticity. Changes of the
friction between the tool and sheet can have  influence, too.

For the service life in the car body the most important prop-
erties of pressed steel sheet parts are the resistance against fatigue
and corrosion. They are stressed most frequently by alternating
forces in bending. In Fig. 4 are plotted the dependences of the
fatigue stress σh on the number of cycles to fracture N, for sym-

metric cyclic bending of the tested steel sheet. The final fatigue
limit and its rate to the UTS are the determined characteristics
showing the quality of the resistance to fatigue. The fatigue limit
of the steel grade H220YD in bending was σCo � �152 MPa and
the rate to UTS was σCo/Rm � 0.41. For the steel grade H380LAD
it was σCo � �190 MPa and σCo/Rm � 0.37, respectively. The
tested characteristics and the slope of the decreasing Wöhler curve,
(Fig. 4) assign both the tested steel grade sheets to ones with a
good resistance to fatigue damage.

The increased corrosion resistance of the tested steel sheet is
achieved by hot dip zinc coating. Damages of the integrity to the
zinc coating layer during forming or service life decrease the cor-
rosion resistance significantly, and can be an initiation spot of
damage by fatigue [10, 11]. Macro and microscopic analyses of the
tensile test pieces surface layer during tensile testing did neither
reveal any damages of the coating nor any loss of cohesion to the
steel base. Neither the other tests, the deep drawing Erichsen test
and fatigue testing in bending showed damages to the coating. It
is documented in Fig. 5 where the fracture surface of the sheet
H220YD with the zinc surface layer is shown after cycling with
stress equal to the fatigue limit σCo and life to the limit of 107

cycles.

4. Conclusion

Deep drawing and fatigue properties of two advanced deep
drawing steel grades with yield points 246 and 382 MPa are ana-
lyzed in the contribution. The sheets were hot coated with zinc.
The influence of the forming tool velocity on the deep drawing
Erichsen test results are evaluated (the depth of the drawn cup at
cracking).

The experimental results and discussion showed:
– The tested steel grades with increased strength and fatigue prop-

erties obtained by grain refinement and precipitation strengthen-
ing manifested very promising plasticity properties. The steel
grade with high Re � 382 MPa, though having a lower elongation
at tensile testing A80 � 24%, had the Erichsen depth equal to
the one for the steel grade with Re � 246 MPa and A80 � 32%.
A new approach is necessary to evaluate the deep drawing

Fig. 3 Influence of pressing tool velocity on Erichsen number IE

for investigated steel

Fig. 5 Fracture of investigated steel H220YD with zinc surface layer
after fatigue at σ � 152 MPa, N � 107 cycles.

Fig. 4 Wöhler fatigue curves σh –N for tested steel sheets
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properties of these steels if tensile test results are known only
(A80 , n, Re/Rm).

– The increase of the press tool velocity during forming (or at the
Erichsen test) up to about 0.2 m.s�1, which is equal to about 
1 s�1 strain rate, results in a slight increase of the deep drawing
test result. Exceeding this velocity brings a decrease of deep
drawing properties; the decrease is more intense for the steel
with a lower yield point.

– The zinc surface layer retained integrity and cohesion to the
basic steel up to the final fracture of the tested piece by tensile
testing, Erichsen deep drawing tests, and fatigue tests.
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1. Introduction

Fatigue limit is one of the most important criteria determin-
ing the quality of components and structures. More than 90% of
all fractures are caused by fatigue in service [1, 2]. Fatigue lifetime
is investigated in the low-cycle region of loading (Nf � 104 – 105

cycles), high-cycle region of loading (104 – 105 � Nf � 2�106 – 107

cycles) and in the ultra-high-cycle region of loading (107 � Nf � 1010

cycles). In recent ten years, the ultra-high-cycle region of loading
(107 � Nf � 1010 cycles) has been investigated intensively by several
research teams. The aim of these experimental studies is to increase
the fatigue limit, safety and reliability of components and struc-
tures [3].

Conventional fatigue testing machines work in the frequency
range from f � 10 Hz to f � 200 Hz. The fatigue tests take a lot
of time and they are expensive. The fact that fatigue fractures occur
after more than Nf � 107 cycles of loading motivates the researches
to use experimental methods working with a high frequency cyclic
loading (f � 20 kHz) [3, 4]. 

Fatigue cracks most often occur on the surface. Therefore,
surface conditions (microstructure, roughness and residual stresses)
can have a significant effect on fatigue resistance resulting in the
increase of the fatigue resistance [5, 6]. Fatigue strength mostly
depends on surface roughness. The reducing of the surface rough-
ness about several-tenfold-percent can improve the fatigue limit
about 25–100 % [5].

The use of super-high strength steels is growing rapidly, due
to their outstanding characteristics. However most steels do have
a fundamental disadvantage namely their resistance to corrosion
and wear is often insufficient. The application of non-ferrous metal
coating is used in engineering praxis with the aim to renovate the
components, to increase the resistance to the effect of aggressive
environments, to increase the wear resistance and to produce dec-
orative coating. On the other hand, the coatings deposited by gal-
vanic metallization can cause a decrease of the fatigue limit [8].

Galvanic coating deposited on the surface of the metal in order
to protect it from corrosion or to increase resistance to abrasion,
usually produces in being covered basic material tensile stresses,
which reduce the fatigue resistance. During nickel galvanic metal-
lization, but also during other galvanic treatments, the negative
impact of treatment increases with an increase of material strength.

Thermal Spraying (THSP) is a group of processes that deposit
molten metallic or non-metallic surfacing materials onto a prepared
substrate. All thermal spraying processes introduce a feedstock
(usually a powder or wire) into a heating device (combustion or
electrical). There the material is heated, blended into the heat plume,
and sprayed onto a prepared substrate. The molten particles strike
the surface, flatten, and form thin platelets that conform and adhere
to the substrate and to one another. As they cool, they build up
a lamellar structure to form the desired coating. 

Physical vapor deposition (PVD) processes are family of coating
processes suitable for depositing corrosion protection and other
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STRUCTURAL STEELS IN THE ULTRA-HIGH-CYCLE REGIME
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This work presents information about the influence of Ni and ZnFe galvanic metallization on the fatigue properties of S235JRG2 steel
and about the TiN physical vapour deposition and WC thermal spraying on the fatigue properties of S355J0 steel in the ultra-high-cycle region
of loading (N � 6�106 – 1010 cycles) obtained at high-frequency fatigue testing (f � 20 kHz, T � 20 �3 °C, R � �1). Technical coatings
are used in order to modify the properties of the surface that is being covered for protection against corrosion but also in order to increase the
hardness and resistance to wear. The Ni coating produced by galvanic metallization favourably influences the corrosion resistance but it
introduces tensile stresses into the surface layer which act negatively on fatigue properties. No evidence of improving  fatigue lifetime was
detected in the case of ZnFe, TiN and WC coatings. In all types of coating the fatigue cracks were initiated on the specimen surface e.g. on
the coatings surfaces.
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functional layers onto steels. The TiN or TiCN coatings belong to
among of PVD coatings. The PVD coatings are produced by
BryCoat’s proprietary vacuum deposition technologies utilizing
cathodic arc coating technology. The advantage of this environ-
mentally friendly technology is that a wide variety of coating mate-
rials can be deposited (metals, alloys and compounds). 

The aim of this study is to reveal the influence of Ni and ZnFe
coatings deposited by galvanic metallization on the fatigue behav-
iour of S235JRG2 steel and influence of TiN coating deposited by
PVD process and WC coating deposited by THSP process on the
fatigue behaviour of S355J0 steel. The results are obtained from
fatigue tests in ultra-high-cycle region by the methods of high-fre-
quency loading.

2. Material and experiments

The materials used in experimental study were plain low carbon
structural steels, namely the S235JRG2 and S355J0 steel. Chem-
ical composition (in wt. %) and mechanical properties of experi-
mental materials are presented in tables 1 and 2.

Six series of specimens were used for the experimental research.
The 1st series represents the specimens made from the basic mate-
rial of S235JRG2 steel without any coating. The 2nd series was
made from the same steel with nickel coating. The microstructure
of S235JRG2 steel with Ni coating is shown in Fig. 1. The thickness
of Ni layer was about 38 μm. The 3rd series was prepared also from

already mentioned S235JRG2 steel with ZnFe coating, the micro-
structure is shown in Fig. 2. The thickness of ZnFe layer was about
40 μm. The 4th series represented the specimens made from basic
material of S355J0 steel without any coating. The 5th series was
prepared from the same steel with TiN PVD-coating (Fig. 3) and
in 6th series specimens with WC thermal sprayed coating were used
(Fig. 4). The thickness of TiN layer was about 4 μm and WC layer
about 100 μm.

A light metallographic microscope AXIO Imager A1m was
used for metallography analysis. Both experimental steels have
ferritic-perlitic fine-grained microstructure. The S355J0 steel was
delivered after normalization. The fractography analyses of frac-
ture surfaces were carried out by using scanning electron micro-
scope TESLA BS 340 [9], [10].

An ultrasonic resonant high-frequency fatigue machine KAUP-
ZU was used for fatigue tests. The experiments were carried out at
sinusoidal tension-compression loading with the frequency of 
20 kHz. The stress ratio of R � �1 was used. The smooth fatigue

Chemical composition and mechanical Tab. 1. 
properties of S235JRG2 steel

Chemical composition [wt. %]

C Mn Si S P Cr Ni W B

0.17 0.51 0.12 0.032 0.013 0.07 0.09 0.011 0.0001

Cu Mo V Ti Al Sn N Pb As

0.27 0.01 0.001 0.001 0.003 0.001 0.0065 0.002 0.001

Mechanical properties

Re [MPa] Rm [MPa] A5 [%]

340.0 445.6 30.8

Chemical composition and mechanical Tab. 2. 
properties of S355J0 steel

Chemical composition [wt. %]

C Mn Si S P Cr Ni W B

0.17 1.35 0.34 0.019 0.016 0.014 0.017 0.009 0.0002

Cu Mo V Ti Al Sn N Pb As

0.045 0.008 0.004 0.021 0.035 0.006 0.0073 0.019 0.005

Mechanical properties

Re [MPa] Rm [MPa] A5 [%]

429.1 557.3 28.6

Fig. 1 Microstructure of S235JRG2 steel with Ni coating

Fig. 2 Microstructure of S235JRG2 steel with ZnFe coating
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specimens with gauge diameter of 4 mm, were prepared according
to Puskar’s recommendations, so that they fulfil resonance condi-
tions at high frequency fatigue loading. Used testing methods and
procedures are described and explained in more detail in [4]. Fatigue
tests were performed at the ambient temperature (T � 20 � 3 ºC).
Specimens were cooled by distilled water with an anticorrosive
inhibitor. The whole specimens were grounded and polished for
elimination of surface roughness before the application of coat-
ings.

3. Results and discussion 

Results of high frequency fatigue tests obtained on S235JRG2
steel at uniaxial cyclic push-pull loading in the region from Nf �
�2.5 � 106 cycles to Nf � 3 � 1010 cycles are presented in the
form of S-N curve (dependence of stress amplitude vs. number of
cycles) in Fig. 5. The stress amplitude was chosen from the interval
σa � (260 – 160 MPa). There are represented the fatigue results
for specimens from basic material, specimens with Ni and ZnFe
coatings. All the specimens were cycled till fracture. It can be seen

that the experimental fatigue lifetime continuously decreases from
high-cycle to ultra-high-cycle region for all three series of speci-
mens. Decreasing stress amplitude leads to increase of number of
cycles to fracture. The fatigue lifetime of basic material is essen-
tially higher than that for the material with Ni coating in the region
of higher stress amplitude (σa � 200 MPa) and lower number of
cycles to fracture (Nf � 109 cycles). In this region of stress ampli-
tude the steel with ZnFe coating has approximately the same values
of fatigue lifetime as the basic steel. In the ultra-high-cycle region
any clear distinction of fatigue lifetime wasn’t detected among
basic material and steel with Ni and ZnFe coatings.

Three different types of coating fractures were observed in the
case of steel with Ni coating. The fatigue cracks were initiated either
from the specimen surface (e.g. from the surface of Ni coating) or
from the interface between base material and Ni coating. In the
region of high stress amplitude and low cycle region the granular
fracture of the coating was detected. The example for the speci-
men subjected to stress amplitude σa � 260 MPa is shown in Fig.
6. The fatigue lifetime was about Nf � 1.41�107 cycles. The thick-
ness of Ni layer was 38 μm. The decohesion between the base mate-
rial and coating (marked with arrows) was often observed.

With decreasing stress amplitude the character of coating
damage was changed. The example of fracture surface of the Ni
base layer in the case of specimen subjected to stress amplitude
σa � 200 MPa is shown in Fig. 7. Fatigue lifetime was Nf �
� 2.66�108 cycles. It can be seen that the fatigue fracture of the
coating has fine grained character. In the case of stress amplitude
lower than 185 MPa the fatigue striations were detected on the
fracture surface of Ni coating. The detail of fatigue striation in the
Ni coating is shown in Fig. 8 for the specimen subjected to stress
amplitude of σa � 185 MPa, Nf � 1.62�109 cycles. This indi-
cates the localization of high plastic deformation during the fatigue
crack growth. The fatigue fracture areas alternated the areas with
brittle fracture in the Ni coating. The brittle character of Ni coating
and change of fracture mode with decreasing stress amplitude can
be the reasons of premature degradation of tested steel with Ni
coating.

Fig. 3 Microstructure of S355J0 steel with TiN coating
σ

a  
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Fig. 5 The S-N dependence of the S235JRG2 steel

Fig. 4 Microstructure of S355J0 steel with WC coating
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In the case of FeZn coating the fatigue cracks were initiated
from the coating surface and propagated through this layer to the
specimen interior. In whole range of stress amplitudes the ductile
damage of FeZn coating was detected. No changes of fracture
mode were detected with decreasing  stress amplitude. This led to
similar fatigue lifetime in the whole range of cyclic loading as in the
case of basic material without coating. The example of fracture
surface of FeZn coating is shown in Fig. 9 for the specimen sub-
jected to stress amplitude of 260 MPa with fatigue lifetime Nf �

� 5.82�107 cycles. The exact fatigue crack initiation site could-
n’t be relived because of ductile fracture of FeZn coating which
had granular character.

Results of high frequency fatigue tests obtained on S355J0
steel are presented also in the form of S-N curve (Fig. 10). The
fatigue data for basic material and for steel with TiN and WC coat-
ings are mutually compared. The S-N curve continuously decreases
from high-cycle to ultra-high-cycle region. It can be seen that all

Fig. 6 Granular fracture surface of Ni coating on the S235JRG2 steel,
σa � 260 MPa, Nf � 1.41�107 cycles

Fig. 7 Fine grain fracture surface of Ni coating, σa � 200 MPa, 
Nf � 2.66�108 cycles

Fig. 8 Detail of fatigue striations on the surface of Ni coating, 
σa � 185 MPa, Nf � 1.62�109 cycles

Fig. 9 Ductile damage of FeZn coating, 
σa � 260 MPa, Nf � 5.82�107 cycles
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experimental data (for basic steel and steel with coatings also)
mutually differ less than 50 MPa in the whole range of stress ampli-
tude. In the region of high stress amplitude the steel with TiN
coating has higher fatigue lifetime than that for basic steel and
steel with WC coating. With decrease of the stress amplitude this
behavior was changed and the lifetime of steel with TiN coating is
lower than in the case of basic steel and steel with WC coating. It
can be probably explained by high scatter of data due to pores and
inhomogenities found in the WC coating. It is hard to say whether
or not the TiN and WC coating have positive or negative influence

on the fatigue lifetime when compared to basic steel. The fatigue
fracture character of the specimens with TiN and WC coatings
can be seen in Figs. 11–14. 

4. Conclusions

On the basis of this study and the obtained experimental
results it was determined that:
� Galvanic Ni coating causes a reduction of fatigue lifetime of the

S235JRG2 steel in the low-cycle fatigue region. On the other
hand, in the high and ultra-high-cycle fatigue area the influence
of galvanic metallization by Ni on the fatigue lifetime is not as
strong as in low-cycle fatigue area.

� Galvanic ZnFe coating doesn’t influence the fatigue lifetime of
the S235JRG2 steel in the whole range of cyclic loading. 

� The TiN coating deposited by PVD process and WC coating
deposited by thermal spraying have only weak influence of the
fatigue lifetime of S355J0 steel. 
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Fig. 11 Fracture surface of S355J0 steel with TiN coating, 
σa � 310 MPa, Nf � 9.1�107 cycles

Fig. 12 Detail of fatigue crack initiation site on TiN coating, 
σa � 310 MPa, Nf � 9.1�107 cycles
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Fig. 10 The S-N dependence of the S355J0 steel
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1. Introduction

Contemporary demands for efficiency and lifetime of plants
lead to an increasing amount of heat-treated parts, the strength of
which is 800–1000 MPa even in the case of large bulky compo-
nents. The load-carrying capacity as well as the lifetime of fatigue
loaded parts result not only from strength properties, but also
from the steel purity and inclusion contents. Modern metallurgical
processes of steel production afford new possibilities in this field
[1, 2].

The present work follows of our previous experiments [3] and
deals with the effect of inclusions on fatigue strength. A sufficiently
long lifetime is generally required and thus the data on long-term
fatigue properties, characterized by fatigue limit above all, are quite
indispensable for the construction of plants.

The basis for assessment of the inclusion effect was obtained
during the fatigue tests performed on rods of CrNiMoV and CrMo
steels that were cut from large forgings of ship crankshafts and
hydraulic cylinders. The tests were of “stair case” type and were
aimed at obtaining statistically supported values of the fatigue limit.
To evaluate the effect of inclusions, an extensive set of fatigue fail-
ures occurring in the specimens having long lifetimes close to the
fatigue limit was investigated.

Previous works [4–6] carried out on heat treated steels showed
an unfavourable influence of inclusions (e.g. silicates, aluminates)

even at their size of 10 μm and this effect became more pronounced
with the increasing size of inclusions.

Recent development in fracture mechanics has been con-
nected with some works dealing with the possibilities of a more
general evaluation of small inhomogeneities, short cracks, on the
fatigue strength. However, the application of fracture mechanics
quantities, particularly that of K and ΔK factors to those small
areas seems to be rather problematic [7]. To solve this problem,
various engineering modifications have been proposed. The mod-
ification of El Haddad et al. [8] is well known and describes the
dependence of fatigue properties and that of fatigue limit on inho-
mogeneity size � and on the threshold value of ΔKth

(1)

Taking fatigue limit Δσth � 2 σC and � � 0, we obtain

�0 � (1/π) (ΔKth/2σC)2 (2)

Another modification of relation (1) was made by Lukas and
Kunz [9].

Murakami, Endo et al. [10,11] and other authors describe the
dependence of fatigue limit σc [MPa] on strength properties of
the base material  [HV]  and on the inclusion area a as

σC � Λ (HV � 120)/(√a)1/6 (3)

/Kth th 0, ,v rD D= +^_ hi

EFFECT OF INCLUSIONS ON FATIGUE STRENGTH 
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ing to Murakami with size determined experimentally was made. Limiting influence of small single inclusions in the structure was shown. Ini-
tiation of secondary fatigue cracks on inclusions outside of the fracture initiation area was observed. Danger of the fracture initiation after
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Thus, the critical size of inclusion on fatigue limit is

a � [Λ(HV � 120)/σC]12 (4)

where a is projected area of the inclusion in the plane perpendic-
ular to the plane of maximum normal stresses. The values of con-
stant Λ are 1.43 for the inclusions situated at the surface and 1.56
in the case of inclusions occurring under the surface.

The assessment of the inclusion effect on fatigue properties
by means of  √a was accepted also by Bomas et al. [12] and Kunz
and Lukas [13] .

2. Effect of inclusions on specimens obtained from the
hydraulic cylinder 

Forgings of the high capacity press hydraulic cylinders diame-
ter 1580/1060 mm were made of 20NiCrMoV14-6 steel, the chemi-
cal composition of which is as follows (weight %): 0.19 C; 0.36 Mn;
1.6 Cr; 3.1 Ni; 0.4 Mo; 0.03 V; 0.016 Al; 0.0059 P; 0.004 S. Statis-
tically processed results of staircase fatigue tension – compression
tests (R � �1) carried out on specimens of diameter 8.6 mm are
given in Table 1. The forgings of the second group (No. 5708,
5709) were substantially heavier than those of the first one (No.
4758, 4759).

It follows from Table 1 that the fatigue limit at the probabil-
ity level P � 50% of the forgings with higher strength (Nos. 5708,
5709) is surprisingly lower – c. by 10% - than that of the forgings
with lower strength (Nos. 4758, 4759).

As expected, the failure occurred in several specimens in the
region of high cycle loading close to the fatigue limit. These speci-
mens were examined by microfractographical microanalysis using
JEOL JSM 35 scanning microscope.

In most of cases, the initiation centres of fatigue failure, char-
acteristic by typical rosettes of fine gradual defect growth with radial
orientation, were found under the fracture surface even at low
magnifications (Fig. 1). The second phase of defect growth which
led to fatigue failure took place after the spreading out of original
rosette up to the rod surface. Microfractographical examination
showed that the initiation of fatigue failure occurred at clusters of

granular inclusions with an incompact network (Fig. 1). The
length of inclusions is 150–300 μm, the dimension of their char-
acteristic area  a is 6000–46000 μm2. It follows from the electron
microanalysis carried out on CAMEBAX electron microanalyser
that the inclusions are complex and contain a high amount of Al,

Table 1

Forging
No.

Strength
[MPa]

Fatigue limit σC [MPa] Standard deviation
of fatigue limit

[MPa]P � 50 % P � 95 %

4758 801.5 417 386 9.06

4759 789.9 406 332 25.6

5708 874.8 387 262 40.5

5709 859.1 387 363 9.1

Fig. 1 Initiation fracture rosette under the surface, specimen No. 5708-37
a) macroscopic view, b) microscopic view, c) detail of the cluster

a)

b)

c)
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Ca, O and C. They are apparently aluminates (Al2 O3) and calcium
compounds (CaO, CaCO3).

The occurrence of inclusions lead to a substantial increase in
statistical scatter of fatigue limit values in the investigated forgings
(Table 1). On the other hand, this result is considerably influenced
by a random spacing of clusters and, therefore, it may not be gen-
erally valid.

The differences in the spacing of initiation rosette occurring
on the fracture surface did not cause, surprisingly, any significant
changes of fatigue lifetime.

Surfaces are generally more sensitive to the initiation of fatigue
fracture than the regions under the surface. It arises from the
greater deformation freedom of surface structural regions. The
analysis of fracture relief at the specimen surface under which the
initiation rosette occurred showed that the cause of latent tendency
of surface layers to the initiation were isolated granular inclusions
whose length was rather small, up to some tens of μm. It can be
expected that in the case of bulky forgings the danger of occurrence
of unfavourable inclusion clusters will be quite considerable.

The analysis of the second set of forgings (No.4758, 4759) with
higher value of the fatigue limit showed that the fatigue failure ini-
tiated, almost without exception, at the specimen surface on groups
or smaller clusters of granular inclusions (Figs. 2, 3). These clus-
ters are similar to the larger ones observed in forgings of the first
group; their length is 50–150 μm and the area reaches the values
between 1000 and 13000 μm2. However, a considerably larger
cluster area (50000 μm2) was also exceptionally observed; in this
case, the determined lifetime was very low (3 – 4.105 cycles). The
presence of large clusters of inclusions caused in some cases (see
Table 1) a greater scatter of fatigue limits whose values  were low
at the required higher reliability level.

The effect of regions containing sulphide inclusions was found
to be quite unimportant in comparison with the influence of gran-

ular complex inclusions. For example, fatigue failure initiated at the
surface on the group of granular inclusions with the total area a �
� 7400 μm2, but only some weak symptoms of secondary initiation
of the fatigue failure were observed at the large sulphide cluster
(Fig. 4) with the dimensions 133 � 200 μm (a � 20890 μm2)
occurring inside of the same specimen.

It was found, similarly to the first group of forgings that the
isolated granular inclusions, the size of which was 15 – 20 μm (Fig.
6), occurring in the coarser tempered bainitic structure (Fig. 5) did
not lead to initiation of fatigue failure. In this case, the fatigue failure
did not initiate on inclusions, but inside the basic quenched struc-
ture. 

We compared our results with the critical sizes of inclusions
determined according to the relations (3) and (4) of Murakami et
al. – Tab. 2, for the fatigue limit at the probability levels of 50%
and 95%. The calculated critical values are close – within one order
– to those determined metallographically even though the evalua-
tion according to Eqs. (3) and (4) corresponds rather to the con-Fig. 2 Group of granular inclusions, specimen No. 759-30

Fig. 3 Cluster of granular inclusions at the initiation area, 
specimen No. 4759-16

Fig. 4 Cluster of sulphides in fracture surface, specimen No. 4759-16
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servative approach. This is quite obvious from Fig. 7, where the
measured sizes of inclusions at the surface and the calculated
values according to relation (4) are given. 

3. Effect of inclusions in specimens cut from 
the crankshafts

The massive crankshaft forgings with the journals of 450–
460 mm diameter were investigated.

3.1. 50CrMo4 steel crankshafts

The steel of the chemical composition (weight %) 0.51 C;
0.79 Mn; 1.18 Cr; 0.49 Ni; 0.27 Mo; 0.1 V; 0.007 P; 0.001 S and
with the micropurity according to standards: A 0 – 0.5; oxides D
1.5 was heat-treated to the strength Rm � 928 MPa and hardness
296 – 320 HV. Resulting tempered structure was characteristic by
a needle morphology. Fatigue limit in tension-compression loading
(R � �1) was determined with the help of staircase fatigue tests.
It reaches the value σC � 441 MPa at the probability level P � 50%
and only 249.5 MPa at the probability level P � 95%.

Macroexamination revealed fatigue failures initiating at the
surface in all specimens. Microfractographical investigation showed

Fig. 5 Fairly coarse tempered bainitic structure
μ

σ

Fig. 7 Comparison of calculated “a” value with the inclusions size deter-
mined experimentally

Fig. 6 a), b) Initiation of the fatigue fracture is not practically
influenced by isolated granular inclusions, specimen No. 4758-9

a)

b)

Table 2

Note 1): Specific concrete σC values – see Table 1

Forging
No.

Surface / 
Fracture Area 

S / FA

Critical inclusion size “a” [μm]

σC (P � 50%) 1) σC (P � 95%) 1)

4758
S 59 102

FA 90.7 309

4759
S 45.1 504.9

FA 128.1 1431.7

5708
S 150.5 1623.7

FA 427.6 46128.4

5709
S 129.6 297

FA 368.2 843.7
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the occurrence of inclusions (apparently the complex inclusions of
aluminates and calcium oxides) in the form of isolated granular
particles or groups of the particles. Their typical size is several tens
of μm (maximum 100–170 μm) and their area a at the surface
reaches several hundreds of μm (max. 3000 μm2) – see Fig. 8. It is
quite apparent even in this case that the initiation centre of fracture
lies outside the region of fine particles, it occurs in the structure of
the base material. Fatigue relief is not practically influenced by the
presence of granular inclusions. This situation was observed in most
cases, but, on the other hand, there are also some specimens where
the fracture initiated at the group of inclusions (Fig. 9a, b). A con-
siderable scatter of fatigue tests results, particularly of fatigue limit
values at the probability level 95%, can be explained in this way.

3.2. 34CrNiMo6 steel crankshafts

The steel of the chemical composition (weight %) 0.36 C;
1.5Cr; 1.45 Ni; 0.21 Mo; 0.0058 Al; 0.0028 P; 0.0067 S; 0.0019 N
was heat-treated to the strength σc � 961 MPa and hardness 315

HV. The fatigue limit in tension–compression loading (R � �1)
was determined by staircase fatigue tests again and reached the
values σC � 390 MPa at the probability level P � 50% and σC
 �
� 355.2 MPa at the probability level P � 95%.

The fatigue failures initiating at the surface were found in all
rods. In spite of the fact that the Rm value is close to that of
50CrMo4 steel crankshaft (961 and 928 MPa, respectively), the
fatigue limits are different. σC � 390 MPa for the present crank-
shaft and σC � 441 MPa for the previous one at 50% probability
level. However, at 95% probability level, the situation is opposite:
σC
 � 355.2 MPa and 249.5 MPa, respectively.

The oxide-sulphidic inclusions as well as complexes of granular
inclusions containing Al2O3 and CaO2 were found both at surface
fatigue initiation sites and at internal sites under the surface. The
size of oxide-sulphide inclusions was 70–180 μm, exceptionally
up to 900 μm. The size of clusters of granular inclusions was up
to 100 μm, sometimes even 1100 μm.

The specimens were loaded uniformly across the whole cross-
section during the tension-compression tests. Even in regions located

Fig. 8 a), b) Initiation of the fatigue fracture is not influenced by
isolated fine granular inclusions, specimen No. P7 cut from the

crankshaft

a)

b)

Fig. 9 a), b) Row of fine granular inclusions affected the initiation of
fatigue fracture, specimen No. P7 cut from the crankshaft

a)

b)
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far from the surface, the formation of secondary initiation cracks
on some inclusions was found. It follows from the occurrence of
fracture steps diverging from the inclusions. Typical examples of
secondary initiation can be seen in Figs. 10 and 11.

According to (4), the critical size of inclusion a � 271 μm
can be determined for the fatigue limit. This area corresponds to
the diameter of 18.6 μm in the case of circular particle and to the

size 36.8 � 7.4 μm (ratio 5:1) in the case of prolonged inclusions.
Our results suggest that the assessment of the limit inclusion size
according to Eq. (4) seems to be very conservative.

4.  Conclusions

In this paper, results of fatigue tests of tension-compression
type in the region of fatigue limit performed on the specimens cut
from the massive forgings of alloy steels heat-treated to strength
Rm � 800–960 MPa are described and discussed. The main results
can be summarised as follows:
� Inclusions occurring in heat-treated steels cause very often the

initiation of the fatigue failure. However, isolated fine granular
inclusions (up to 20 μm), which are present particularly in
coarser heat-treated structure, have practically no effect on the
fracture initiation.

� According to the results obtained from fatigue tests at tension-
compression with load amplitudes close to fatigue limit, large
clusters of granular inclusions with the length exceeding 100 μm
result in initiation of fatigue failure. This effect was often observed
even in cases when the inclusions did not occur on the surface
as the area most sensitive to fatigue crack initiation, but inside
the specimens. In such the cases, initiation area is often connected
with distinct circular, radially growing rosette, which, after reach-
ing the surface,  causes fast fatigue failure.

� Secondary initiation nuclei, latent up to 107 cycles, were formed
during the fatigue tests at some large oxide-sulphide inclusions
and at clusters consisting of granular complex inclusions located
at the surface. They can result in the formation of fatigue failure
after very long lifetime (by several orders higher than 107 cycles).
The internal initiations with the rosettes can have a similar
effect.

� The unfavourable effect of inclusions is dependent first of all on
their size, the inclusion type being less important. This fact makes
the evaluation of their effect simpler. 

� Considering more general fracture mechanics approaches of
evaluation of inclusions significance, attention was paid first of
all to the procedure according to Murakami et al. (Eqs. (3) and
(4)), using the projected area a as the characteristic value. The
comparison with our results indicates that this procedure can
be useful for engineering orientation, but it is rather conserva-
tive and overestimates the adverse effect of inclusions.
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Fig. 10 Secondary initiation cracks at inclusions (sulphide), 
specimen No. K1  cut  from the crankshaft

Fig. 11 Secondary initiation cracks at large cluster of granular
inclusions, specimen No. K10 cut from the crankshaft
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1. Introduction

The process of fatigue damage (fatigue life) prediction is gen-
erally very complicated and contains a lot of uncertain inputs, e.g.
material characteristics, randomness of the service loading etc.
Our paper aim is to present the selected results of the computer
simulation analysis of fatigue damage lorry frames. This simulation
concentrates to:
� the most important aspects which are typical for means of

transport working conditions,
� use of the obtained computational models for a working excit-

ing simulation of a virtual lorry construction,
� dynamic analysis of the vehicle critical parts stress under the

influence of typical working conditions,
� the fatigue life prediction of the analyzed vehicle most exposed

parts.

During the computational simulation of the chosen vehicle
(TATRA 815 S1) under the modeled conditions of its service, it
was necessary to consider that it is a kind of vehicle whose traffic
conditions are determined mainly by the influence of the follow-
ing aspects:
� roadways and terrain surface undulation,
� traffic velocity.

2. Analyzed Vehicle Characterization

It is known from technical publications and from similar per-
formed analyses of various kinds of transportation vehicles, that
the most loaded lorry parts are their bearing members (bearing
frames, subsidiary bearing constructions) and axles. They carry the
loads occurring at the interaction of the vehicle instantaneous
weight influence and roadways surface undulation influence in
synergy with chosen traffic velocity.

This is the reason why the presented description is oriented
mainly to these construction entities. TATRA 815 S1 lorry under-
carriage consists of a frame, a subsidiary frame, front and back
hangers composed of axels with wheels, cushioning, own brakes and
an axle control operating machinery, control and brakes machinery.

The main vehicle bearing part is formed by a spinal frame to
which a subsidiary ladder frame for bodywork assessment, a driving-
gear and a sleigh is mounted. The spinal frame consists of partic-
ular axle gear-boxes, an additional gear-box, front and back joining
piece, front and back bearing tube and transoms. The connection
of the mentioned parts is realized by means of flanges and bolted
connections.

COMPUTATIONAL FATIGUE DAMAGE PREDICTION OF THE
LORRY FRAMES UNDER RANDOM EXCITATION
COMPUTATIONAL FATIGUE DAMAGE PREDICTION OF THE
LORRY FRAMES UNDER RANDOM EXCITATION
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from the fatigue damage point of view was found and analyzed. Analysis of the particular traffic state influence on the fatigue damage
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Fig. 1 Three-dimensional model of TATRA 815 S1 lorry undercarriage
and subsidiary ladder frame
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The subsidiary ladder frame welded from longitudinal “U”
shapes is mounted on the transoms by bolted connections. The
“U” shapes are going through all the vehicle length and are inter-
connected by transoms. A cab, an engine together with a clutch,
a sleigh, a reel, bumpers, draw-bar equipment etc. are mounted on
transoms, brackets and holders of the subsidiary ladder frame.

3. Computational Vehicle Model

The computational finite element model of the TATRA 815
S1 vehicle was built-up in COSMOS/M program in cooperation with
TATRA Koprivnice Company. In general, its applied realization
consisted of several consequential phases [9]
� geometry model generation,
� definition of elements, their cross-section constants and mater-

ial characteristics,
� generation of final element mesh,
� definition of boundary conditions,
� setting of acting load,
� computation and verification of obtained results.

Beam elements of the BEAM3D type, mass elements of the
MASS type, axial spring boundary elements of the BOUND type
together with damping units were used for generation of the finite-
element model of the analyzed TATRA vehicle. The generated
model of the TATRA vehicle is presented in Fig. 2.

Several elements representing the most exposed parts of the
real vehicle construction were determined from the static analysis
results – considering a vertical loading character. From these ele-
ments, the critical parts from the fatigue life damage accumula-
tion point of view were chosen.

Normal stresses in marginal profile points of elements No.
21, 79 and 250 obtained extreme values as ensued from the graph-
ical representation of performed stress analysis results and from
the next performed analyses output files [9]. Particular examined
elements can be shortly characterized as follows:
� element 21 – part of the vehicle bearing spinal frame, specifi-

cally the back bearing tube, construction material – steel STN
41 1523, shape according to Fig. 3a, 

� element 79 – part of the formed thick-walled bridge tube of the
right central half-axle, construction material – steel STN 41 1523,
tube shape according to Fig. 3b,

� element 250 – the longitudinal truss part of the subsidiary bearing
frame, approximately in the middle between both back axles,
“U” shape 250�100�7, construction material – steel STN 41
1523, element shape according to Fig. 3c.

4. Excitation Model

The process of kinematics excitation was considered a coop-
eration of two basic operating factors:
� road surface quality (5 road surface quality classifications and

difficult terrain specifications),
� vehicle velocity (4 reference velocities for each road surface

quality).

As the excitation generator were applied behaviors of the
section’s longitudinal height unevenness for different road and
terrain surfaces. The method of their acquiring is particularly
described for an example in [1, 7]. The experimental obtaining of
the height unevenness behavior is time and financially demand-
ing. Therefore, the additional realizations needed for the left and
right track excitation were obtained by application of the autore-
gression modeling theory [6, 7]. Suggested theoretical equipment
allows for describing the examined process by means of identified
ARMA model and stochastic processes generation with identical
statistical characteristics of 1st and 2nd degree.

The basic process of the road unevenness generation [3, 6, 7]:
� selection of the road sections with regard to data from road

database SSC (5 road surface quality classifications),
� experimental measurement of the longitudinal height uneven-

ness behavior so-called middle longitudinal profiles (exact lev-
eling at an interval of 0.25 cm),

� part of the leveling line longitudinal slope and rough uneven-
ness elimination; the random part was extracted, it has a char-
acter of a random value of the centered stochastic function and
it especially excites the vertical vibration of the vehicle and sig-

Fig. 3 Cross-sections of the analyzed critical parts

Fig. 2 Finite-element model with definition of chosen vehicle 
critical parts location
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nificantly affects the stochastic vibration of the vehicle’s parts
during the movement,

� application of the autoregression modeling theory for the suit-
able ARMA model specification and for generation of new sta-
tistically adequate realizations of the stochastic height unevenness
behavior on the miscellaneous surface quality.

The behavior of the chosen random kinematics excitation
functions for road classification 5 and terrain are shown in Fig. 4.

The points where these functions input into the computa-
tional model are presented in Fig. 5, where:

v – vehicle speed, [km/h],
L1 – wheel base No. 1, [m], (see Fig. 5),
L2 – wheel base No. 2, [m], (see Fig. 5),
uzL

(1) – unevenness of the left rail in a vertical direction for the 
front axle, [m],

uzP
(1) – unevenness of the right rail in a vertical direction for the 

front axle, [m],
uzL

(2) – unevenness of the left rail in a vertical direction for the 
1st back axle, i.e.

, [m],

uzP
(2) – unevenness of the right rail in a vertical direction for the 

1st back axle, i.e.

, [m],

uzL
(3) – unevenness of the left rail in a vertical direction for the 

2nd back axle, i.e.

, [m],

uzP
(3) – unevenness of the right rail in a vertical direction for the 

2nd back axle, i.e.

. [m],

5. Computational Fatigue Prediction

The vehicle operational reliability, in particular its no-failure
operation and lifetime is a dominant property for vehicles as a typical
representative of the dynamically stressed complex mechanical
constructions. These properties continually gain importance. Obvi-
ously it relates to raising of the transport velocity, weight reduc-
tion of the construction parts, decreasing of the computational
safety constants, development and application of the new con-
struction materials, etc. Various vehicles operational failure cause
analyses definitely prove that the fatigue process as a dynamic
stress consequence assists in nearly all cases.

During the simulation, the dynamic analysis often ends at the
modal-spectral construction properties determination, or at its
stochastic oscillation solving only from the rigid body oscillation
point of view, as for example vehicle vibration, swinging, rolling
etc.

If the potential response acquisition is needed too, the prob-
lems related to the size can often occur. This means enormous
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Fig. 5 Identification of the kinematics excitation functions

b)
Fig. 4 The random function - uyL
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a) road classification No. 5, b) terrain
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requirements for the computer performance and the available
operating memory size.

Fatigue life “computation” or rather “estimation” in fact differs
from the value achieved during the real machine operation. This is
caused mainly by problems related to exact determination of exter-
nal load characteristic parameters, which affect the construction
during operation. Fatigue strength values are not available for spe-
cific construction nodes but mainly only for the material samples
representing the perfect status, which occurs in real operation
conditions only rarely.

Considerations about the problem solution possibilities of the
fatigue life estimation can be simply reduced to the four basic
tasks:
� selection of the construction critical locations that will become the

subject of additional analysis,
� stress determination in the chosen critical locations and its “post-

processing” using the methods suitable for the lifetime estima-
tion,

� design or examination of the used construction material prop-
erties on the base of the chosen material characteristics,

� selection of a suitable computational procedure – theorem of the
fatigue damage cumulation – which effectively joins the mater-
ial characteristics to the operational stress characteristics. An
application result of the suitable fatigue damage cumulation
theorem is the lifetime estimation quantified value of the ana-
lyzed critical part of the examined construction.

Rajcher’s theorem was used for the fatigue damage computa-
tions in the identified critical parts of the analyzed vehicle. This
theorem defines the fatigue damage in the critical location of the
construction part induced per one second and is expressed by the
following equation [2, 5]

, (1)

where:
w – exponent of S/N curve, [–],
σC – fatigue limit, [Pa],
NC – limit number of cycles to failure, [–]
f – frequency, [Hz],
S(f) – spectral power density of the stress loading process, 

[Pa2.s],

– gamma function value, [–].

Time until the next failure can be expressed (in hours) as
follows

. (2)

It is obvious that all the process can be realized only by means
of the computer technique efficient. The approach in practice is
that after the import or calculation of the process spectral power
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density values S(f), the process standard deviation sσ and process
effective frequency fe of the probability density will be determined.

The practical application of the presented process was real-
ized by the program created in the MATLAB environment. The
computational program fatigue.m was used at the fatigue life com-
putational estimation of the construction in the selected critical
locations under the chosen characteristics of the lorry operating
conditions.

In the application the following material parameters defining
the fatigue properties were used:
� slope of S/N curve w,
� fatigue limit σC ,
� limit number of cycle NC ;
which gain the following values for the particular elements:
� for EL 21: w � 5.8, NC � 3	106, σC � 190 MPa,
� for EL 79: w � 5.8, NC � 3	106, σC � 190 MPa,
� for EL 250: w � 5.8, NC � 3	106, σC � 240 MPa.

The value σC was during the process corrected according to
the stress average value and also according to factors affecting the
fatigue limit (shape, size, treatment quality, stress concentration
in the score, etc.).

From the influence analysis of the chosen operational condition
characteristics it was determined that the impact of the roadway sur-
faces from the 1st to 4th class on the TATRA vehicle parts fatigue
damage level is nearly negligible. Therefore, only a simulated loading
process generated only from the stress behavior originating during
the vehicle operation on the 5th class roadways and in the terrain
was further applied.

On the base of the statistically determined percentage expres-
sion of the analyzed vehicle operation particular mode appear-
ance (Tab. 1), the TATRA critical vehicle parts operation stress
processes were created as the implication of the operation loads
effect evoked by the analyzed lorry operation on the 5th class
roadways and in the terrain.

Obtained stresses behavior in the particular critical elements
of the TATRA vehicle construction were constituted by 40.000
discrete values representing roadway or terrain distance with the
overall length of 10 km. The chosen time stress response is pre-
sented in Fig. 6.

The influence of the vehicle movement velocity on the result-
ing level of the middle axle dynamic stress during the drive under

Percentage ratio estimation of the selected Tab. 1.
vehicle operation modes occurrence

5th class terrain

Velocity [km/h] 20 40 60 80 10 20 30 40

Estimation ratio [%] 10 10 10 10 15 20 15 10
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the terrain conditions is presented in Fig. 7. Behaviors of the cen-
tered stresses part in the bearing beam middle section at the veloc-
ity of 80 km/h on the road segments with different qualities are
presented.

The selected power spectral stress density behavior in the ana-
lyzed elements under the chosen velocity and specific roadway
class are for the illustration displayed in Fig. 8.

These stress PSD behaviors in all three determined critical
construction locations were used as inputs for the fatigue.m program.
The critical vehicle parts lifetime estimations were its output. The
obtained fatigue life estimations of the particular critical elements
are listed in Tab. 2.

Fig. 6 Time section of the centered stress part behavior at the terrain
drive (v = 40 km/h)

Fig. 7 a) Influence of the surface quality on the centered stresses part in EL 21
b) Influence of the movement velocity on the centered stresses part in EL 79

Fig. 8 Stress PSD in the critical elements at the selected surface quality and velocity

Estimated fatigue life values of the vehicle critical Tab. 2.  
parts during its real operating employment

Element EL 21 EL 79 EL 250a EL 250b EL 250c EL 250d

Lifetime
Estimation
[h]

27 251 19 095 10 743 11 961 595 720 66 133
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On the base of the performed analyses and comparisons it is
possible to state that according to the evaluation of the selected
operation condition characteristics influence on the dynamic stress
level of the transport vehicle construction parts, both examined
characteristics of the working transport vehicle (roadway and
terrain undulation and operational velocity) have a significant
influence on the stress of the vehicle critical parts.

It is obvious that it was not possible to analyze all the actuat-
ing characteristics and factors of the typical lorry operating con-
ditions. Therefore, it is necessary to understand the presented paper
as a contribution to the solution of the problem related mainly to
the operational processes modeling and computer simulation. Behav-
iors of particular stress parts and their extreme values in the criti-
cal points of the vehicle construction are significantly determined
by the chosen vehicle operational  velocity [4, 6, 8].

6. Conclusion

Performed calculations confirmed that the analyzed TATRA
lorry construction was dimensioned sufficiently also from the fatigue
damage point of view. The goal of the paper was mainly:
� to present the methodology of the fatigue life prediction based

on the modeling of the most important factors of working con-
ditions,

� to show the possibilities of the available software optimal use
based on the FEM in order to obtain the results needed to the
fatigue life prediction,

� to verify the suggested computational approach on the speci-
fied lorry construction.
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1. Introduction

A considerable part of Czech gas and oil pipelines have been
in service already for many years. In recent years, non-destructive
inspections or several high-pressure pipeline crashes indicated
a significant amount of stress corrosion cracking (SCC) damage.
In this context, research programmes aimed at an investigation of
sensitivity of high pressure pipeline steels to SCC and connected
damage mechanisms have become important.

Numerous cases of SCC damage to transit pipelines in areas
containing alkaline soil and carbonates have been observed not only
worldwide. (e.g. [1]), but also in the Czech Republic. An occur-
rence of carbonates in the soil can be supported by cathodic pro-
tection potentials [2]. When an insulation layer is damaged, for
instance during pipeline mounting or land up, or in case of cathodic
protection dysfunction, SCC damage to pipe external surface can
be usually observed [3]. Such a case also occurred in Slovakia
near Borsky Mikulas in 1988. After the explosion, the pipe was
damaged by 25 m long spiral crack, in parallel with the weld [3].

SCC process usually has three characteristic phases of sigmoidal
shape of the time dependence, (i) relatively fast microcrack initi-
ation followed by (ii) quite lengthy microcracks development and
formation of the main crack and evetually (iii) SCC growth of the
main crack to failure. Previous works in the field of SCC in alkaline
environments performed at SVÚM were focused on investigations
of the first stage [4]. This paper contains results of a research pro-
gramme aimed at an investigation of SCC growth of already existing
long cracks and at verification, whether and under which condi-
tions such a process occurs and what its mechanisms are. 

2. Experiments

Experiments were performed on an X70 steel having been
recently often used particularly for building of high-pressure transit
pipelines not only in our country, but also in many worldwide
regions. Evaluation of reliability and safety of pipelines made of this
steel has been recently a matter of numerous extensive research
programmes (e.g. [5]). 

Specimens were taken from a sheet thermomechanically treated
using standard procedures, resulting in a characteristic line type,
orientated, ferritic-pearlitic microstructure. Specimens were of a non-
standard CT-type (Fig. 1), with an increased length to enable to
attach chambers for the corrosive solution (Fig. 2). 

Direct current potential drop (DCPD) method with analytical
calibration was used to measure a crack length and growth [6, 7].
Potential cables were initially connected in the vicinity of a notch
(crack) mouth to get the highest possible sensitivity. The cables
were therefore inserted into the chamber – Fig. 2. However,
during the long-time tests, the cable attachment in the solution was
corroded off. Therefore, later on, potential cables were connected
outside the chamber, approximately 20 mm from the notch. This
measure resulted in a reduced sensitivity, but made the measure-
ment reliable.

An initial crack was prepared by fatigue pre-cracking in air, at
a load frequency of 30 Hz, the asymmetry R � 0.5, a load range of
9 kN and 7.5 kN in the first and second stages, respectively. The
final crack length was approximately 21.5 mm, the stress intensity
factor range at the final stage ΔK � 19.5 MPam1/2, i.e. Kmax � 
� 39 MPam1/2.

CONDITIONS OF STRESS CORROSION CRACK GROWTH AND
RETARDATION IN X70 STEEL IN CARBONATE ENVIRONMENTS
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The alkaline corrosive solution simulating real carbonate envi-
ronments was prepared according to [8], namely mixture of 1-
normal sodium carbonate and 1-normal sodium bicarbonate solu-
tions in the ratio of 1:1. Resulting pH was 9.8. SCC experiments
were performed at a static load of 36.6 kN, with the resulting K �
� 90 MPam1/2, that means at rather high loading. The corrosive
medium was circulating through the chamber. Three specimens
were tested: (i) specimen designated X75 at an elevated tempera-
ture of 70 °C, (ii) X76 at room temperature and (iii) X78 at room
temperature with a long-time exposure. The elevated temperature
had practical reasons: Gas is usually considerably warmed-up when
passing through compression stations in transit pipelines. 

Due to possible fracture surface passivation in alkaline envi-
ronments, unloading cycles corresponding to the load asymmetry
R � 0.1 started to be applied after some initial stage of the exper-
iments. Unloading cycles also are linked to real conditions, they
correspond to pressure fluctuations or pipeline service interrup-
tions.

All the tests were finished after interruption of the static loading
stage with individual unloading cycles, with fatigue loading at the
same load range (Fmax � 36.6 kN, R � 0.1), with reduced load
frequency f � 0.05 Hz, without interrupting the circulation of the
corrosive solution. Eventually, the test programme was completed
with a reference test of specimen X77, where the same loading
sequence was applied including the final fatigue stage, but without
any corrosive environment.

Fracture surfaces, particularly zones following fatigue pre-crack-
ing, where SCC mechanisms were expected, were fractographically
analysed using a scanning electron microscope JEOL JSM 35. 

3. Experimental results and discussion

3.1. Theoretical DCPD calibration

Analytical calibration was calculated for all the configurations
of potential electrodes used. It should be mentioned that potential
was measured not only near the crack mouth (V(a)), but also
a reference potential Vref was recorded to compensate temperature
changes and the ratio V(a)/Vref was evaluated [6,7,]. The results
are shown in Fig. 3. s

3.2. Stress corrosion crack growth

Results of DCPD measurement during the SCC test of the
specimen X75 tested at 70 °C are shown in Fig. 4. The points cor-
respond to individual measurement sequences and represent average
values of more than 10 potential measurements. There are two
stages in the diagram, which shows as a whole a continuous, not
interrupted test. The first stage, initial increase of the potential cor-
responding to 1 hour exposure, can be an artefact connected or at
least affected by temperature balancing. This stage corresponds to
the temperature growth of the solution from room temperature to
70 °C. The next 8 hours stage, however, already indicates some
initial SCC growth with a saturation effect at the end. Further
exposure at these conditions and temperature did not lead to
further significant increase of potentials. The total potential increase

Fig. 1 Non-standard CT specimen used

Fig. 2 Actual specimen with chamber for corrosive solution and
potential cables

Fig. 3 Analytical calibration curves of the DCPD method used
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V(a)/Vref at the second stage 0.25 is not negligible, it corresponds
approximately to more than 0.5 mm crack increment. 

The results indicate that the characteristic first stage of the
SCC process was monitored during the 8–10 hours measurement,
namely quite fast crack growth, which is typically followed by
a retardation of the process and long-time development phase.
The retardation may also be affected by an occurrence of corro-
sion products near the crack tip resulting in a restricted access of
the corrosive medium to the crack front. 

The second experiment, carried out on another specimen of
the X70 steel designated X76, was performed at room temperature.
Details of the DCPD measurement at two important phases, namely
after starting the corrosive solution input into the chamber and
after starting individual unloading cycles, respectively, are shown
in Figs. 5 and 6. In the diagrams, individual recorded points con-
nected with a considerable scatter are plotted together with moving
average, better indicating changes of the time dependence. 

Before the first input of the medium into the chamber, average
DCPD values were constant, as expected. However, a distinct
increase of the potential values can be seen next 17–18 hours, fol-

lowed then by saturation and even a slight decrease. It is the same
tendency like in the previous test at 70 °C with the difference that
at room temperature, the process was approximately two times
longer. Almost no changes were then observed until 225 hours of
the exposure, when three unloading cycles were gradually applied
with the interval of 24 hours. In spite of the scatter, the moving
average of potentials shows potential increase after each of the
unloading cycle followed by fairly small decrease, the most intensive
increase occurring after the first of the three cycles. This effect
may be connected with microcracking of a passivation layer being
most important after the first cycle, which occurred after a long
period with purely constant static load. The effect of the second
and third unloading cycles, when the passivation likely was not so
strong due to the short time of constant load, just 24 hours, seems
not to be so strong. However, the total increase after the three
cycles is evident.

The last SCC experiment, specimen designated X78, was carried
out exactly at the same conditions as the previous one, i.e. at
room temperature with the only differences that more than three
unloading cycles were applied and the whole experiment was per-
formed for a longer time, almost three times. Unloading cycles
were applied manually during weekdays in the morning and late
afternoon, starting after 160 hours of exposure in the solution
just with a constant static load. Unloading was, however, inter-

Fig. 4 Potential measurement during SCC test of specimen X75 at 70°C

Fig. 5 Potential measurement during SCC test of specimen X76 at room
temperature, the phase following the first medium input into chamber

Fig. 7 SCC growth in specimen X78 at room temperature

Fig. 6 Potential measurement of specimen X76 at room temperature,
the phase with unloading cycles
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rupted for the 115 hours period, between 215 and 330 hours of
the exposure. 

Results are shown in Fig. 7 Each point represents the average
value of 20 measurements. In this diagram, the potentials are
already recalculated to the actual crack length. This experiment
confirmed without doubt what was already indicated during the
previous one: an importance of unloading cycles in the SCC growth
process at carbonate solution in the X70 steel. On the contrary,
when load fluctuation occurred, SCC growth was quite rapid. The
results confirm seriousness of SCC growth in carbonate environ-
ments in actually operated pipelines, unlike numerous allegations
of particularly domestic operators that such the process cannot
occur.

Some minor remarks concern two phases of the experiment:
(i) the beginning, when the initial crack growth was observed as
before (not distinctly recorded in the diagram in Fig. 7), followed
by the saturation to 160 hours and (ii) a distinct saturation of the
potentials between 215 and 330 hours, when application of unload-
ing cycles was temporarily discontinued. The potential decrease
may be caused by increasing contact of fracture surfaces near
crack tip due to growth of corrosion products.

3.3. Fractographical analysis

Fracture surfaces of specimens X75 (tested at 70 °C), X76
(tested at room temperature) and X77 (loaded just in laboratory
air without corrosive solution) were analysed, with a special atten-
tion to the zones of crack growth supported by SCC mechanisms,
i.e. in the zones between the end of fatigue precracking and fol-
lowing approximately 0.3–1 mm crack increments.

There are some characteristic features common for both the
specimens tested in the corrosive solutions, proving existence of
SCC mechanisms: an occurrence of numerous secondary cracks
confirming strong branching mechanism typical for SCC processes.

Fig. 8 represents an example of such secondary cracks in speci-
men X75. Crack growth direction is indicated by the arrow. The
white part of the Figure in the right margin represents the fracture
surface of fatigue precracking, strongly corroded during the next
exposure in the warm carbonate solution. Numerous deep secondary
stress corrosion (SC) cracks can be seen in the boundary line
between fatigue precracking and SCC growth. These cracks are
mostly parallel to the main crack front. At the distance up to 0.3 mm
from the boundary line, further secondary SC cracks, more branched
and with more complicated directions can be observed. 

In spite of some common features, fracture surface of speci-
men X76 tested at room temperature is rather different from X75
– Fig. 9. First of all, no huge corrosion products occurred on the
fatigue precracked surface, indicating that surface corrosion at
room temperature was suppressed. On the other hand, secondary
SC cracks could be observed in a similar way as in Fig. 8 – a zone
of secondary cracks parallel to the boundary line and numerous
SC cracks with a complicated shape in the region, where crack

Fig. 8 Example of secondary cracks in region of SCC growth in
specimen X75

Fig. 9 Secondary cracks in region of SCC growth in specimen X76
(room temperature)

Fig. 10 Fracture surface without secondary SCC cracks in specimen
X77 loaded in air
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growth was supported by SCC mechanisms. On the contrary, the
fracture surface of specimen X77, loaded with the same sequence
as the previous two specimens, was completely different – Fig. 10.
The secondary cracking characteristic for the stress corrosion
process could not be observed in this case. 

4. Conclusions

The experimental programme was focused on qualitative and
quantitative analyses of stress corrosion crack process and damage
mechanisms in an X70 steel under static loading with individual
unloading cycles, exposed to carbonate solution, at room and ele-
vated (70 °C) temperatures. The most important results can be
summarised as follows:
� The results proved without doubt a significant occurrence of

SCC growth in the X70 steel in carbonate environments. This
result contrasts with numerous allegations of some pipeline
operators that there is no danger of SCC process at these con-
ditions. 

� An importance of unloading cycles in the SCC growth process
in carbonate solution was shown. When the loading was purely
static without fluctuations, damaging the passivation layer near
the crack tip, SCC growth was saturated after some time and
even some decrease of measured potentials could be observed.
On the contrary, when load fluctuations were applied, SCC
growth was quite rapid. SCC growth seemed to be somewhat
more progressive at elevated temperature. 

� Fractographical analyses proved an existence of SCC growth
mechanisms, showing numerous secondary strongly branched
cracks on fracture surface in the region of SCC growth. Such
cracks were observed on fracture surfaces of specimens tested
in solutions at both room and elevated temperatures. 
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1. Introduction

Nowadays it is almost impossible to pick up a journal or con-
ference focused on computational mechanics that doesn’t contain
some reference to structural optimizing. Although it is possible to
design machine parameters by experience it is much better and
more effective to predict the basic properties of the new designed
structure by using optimizing procedure which is generally based
on a series of controlled computing analyses [1].

2. Chosen methods for multiaxial fatigue damage
prediction 

To calculate the structural mass (or volume) is not a compli-
cated problem but the constrain conditions usually depend on FE
analysis, identification of a “damage” critical points and multiaxial
fatigue prediction [12]. Let’s now focus on the cumulative damage
counting by using multiaxial rainflow decomposition of the stress
response. It should be noted [4, 12] that the fatigue damage cal-
culation of the machine parts is generally problematic because the
results are considerable changed in the principal stresses [2, 5].
Using FE analysis we can get six components of the stress-time
function (multiaxial stress) but it is very difficult to obtain an equiv-
alent – uniaxial load spectrum by reason of comparison with applied
computational fatigue curve. In our case the rainflow analysis for
random stresses known in classic uniaxial form as von Mises or
Tresca hypotheses is impossible. It means that the important goal
of this part will be to propose some approaches to estimate the
high-cycle fatigue damage for multiaxial stresses caused by random
vibration analysed structure [7, 11]. Generally we can apply two
fundamental approaches for multiaxial rainflow counting:
� Critical Plane Approach (CPA) [11] and
� Integral Approach (IA) [7].

It is well-known that the Wöhler curve (Fig. 1, sometimes
called S-2N curve) is basic source of getting information of the
material fatigue life. Generally the S-2N curve is statistically eval-
uated by experimental fatigue curve. This is a graph of the magni-
tude of a cyclical nominal stress σA against the logarithmic scale
of cycles to failure 2Nf . It is advantage to show it in logarithmical
or semi logarithmical coordinates.

The σA � 2Nf relation can be written as follows  

, (1)

where σf is the fatigue stress coefficient, 2Nf is number of cycles
to failure, b is fatigue strength exponent and σA is stress amplitude

N2A f f
b
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to failure. Some researches rewrite the relationship (1) into fol-
lowing form 

(2)

where m � �(1/b) and K � σf
(�1/b) � σf

m

Considering the mean stress modified version of the stress
amplitude (using Goodman, Soderberg, Geber), eq. 2 can be rewrit-
ten as follows

. (3)

If k � 1 and RF � RE (yield stress) the Soderberg’s model is
used, if k � 1 and RF � RM (strength limit) the Goodman’s model
is used and if k � 2 a RF � RM the Geber’s model is used. Using
the linear Palmgren-Miner law we can calculate fatigue damage
for stress amplitude σAi as follows

. (4)

3. Damage calculation for thin shell finite 
element using CPA 

Let us consider well-known shell finite elements (Kirchhoff’s
or Mindlin’s formulation) [1, 9, 11]. The stiffness parameters
depend on material constants and element geometry, mainly on its
thickness. At first we have to prepare the stress calculation process.
This process is based on the expression of the j-th element mem-
brane forces and bending moments (without shear forces) [10, 11],
i.e.

(5)

and

. (6)

The auxiliary matrices Im and Ib can be calculated only using
the numerical approach. Further details about Em, Eb, D, Bm,
Bb, uel and t are presented in [10]. The extreme stress values can
be expected at the top or at the bottom surface. Generally, it
means
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Let’s build new material and auxiliary matrices 

,  , (9)

where the matrix I3 is the classical unit matrix. Then (7) can be
rewritten as follows

,(10a)

.(10b)

Findley hypothesis 
Findley has assumed the critical plane as a plane with maximum

shear stress, i.e. the fatigue equivalent shear stress can be written
as follows [11] 

, (11)

where k is Findley’s factor whose value for tough metal can be
about 0.3. Using von Mises relationship between normal and shear
stresses and classical plane stress analysis for top or bottom element
surface it is possible to rewrite (9) into the following form

(12a)

(12b)

where

and (13)

The damage calculation can be realised using eq. (4). The pre-
sented relationships were applicable for FE analyses. Numerical
and experimental tests confirmed that the factor k � 0.3 was over-
stated [4, 11] by the author.
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Dang Van hypothesis
Dang Van again assumed the critical plane with shear stress

but with difference in factor k, which can be calculated from normal
and shear fatigue limit, i.e. 

(14)

where τC is shear (torsional) fatigue limit, σC is normal (axial)
fatigue limit, σ1, σ2, σ3 are principal stresses. Relationship (11) is
possible to use like that

(15)

Using von Mises hypothesis we can get [4] 

. (16)

Using the application of the shell stress theory and eqs. 10a,
b we can obtain 

(17a)

(17b)

Relations (12) and (17) present equivalent stresses applicable
for rainflow decomposition for both proportional and non-propor-
tional loading. The cumulative damage calculation can be realised
using eq. (4) again.

HMH modified hypothesis 
Applying von Mises equivalent stress for CPA we can obtain

the following relationship

, (18)

or in detail
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where

and   . (20)

In this case it should be noted that computational approach
depends on a searching process of a critical plane normal vector
nCPA. If the rainflow analysis is used it is very important to know
the sign of the calculated equivalent stress therefore the sign of
this stress is defined by sign of normal component. For searching
process was used optimizing tools in Matlab [12] and optimizing
problem for cumulative damage function is usually formulated as
follows

(21)

for unknown vector nCPA and stresses on bottom surface. The same
computational process can be realised on top element surface.

4. Damage calculation for thin shell finite 
element using IA

The fundamental idea is to count rainflow cycles on all linear
combinations of the stress random vector components [7], i.e.

(22)

on the assumption that the parameters ci belong to a hypersphere

. Practically if the stress state is biaxial (e.g. thin shell 

finite element) the stress components can be written under the
form of three dimension vector σ � [σx,σy,τxy]

T and the equivalent
stress will be calculated as follows  

(23)

on condition that c2
1 � c2

2 � c2
3 � 1 . In the case of shell element

we can obtain again the following relationships 

and

. (24)

Hence the next goal will be to find extreme value of the esti-
mated damage for vector c and i-th element, i.e. 
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(25)

where Di-max/MRF is the maximum value of the cumulative damage
for i-th element, 2Ni is the number of cycles to failure, mc is the
number of cycles after rain-flow decomposition of the stress. Nat-
urally we have to observe the normality condition for c using the
following transformation    

. (26)

The searching process is realized by computational program
FAT_MRFA developed in Matlab. Program calculates elements
damage from stress response using original optimizing multiaxial
rainflow procedure suggested by authors [4, 6, 12].

5. Formulation of the optimizing problem

Nowadays the optimizing problem of the structural mass min-
imizing subjected to the prescribed fatigue damage is topical [3].
The optimization problem with optimizing variables x (element
thicknesses) can be mathematically stated as follows

, (27)

subjected to

,   k � 1 … m (28)

where n is number of the elements, m is number of the element
groups, DP is the prescribed cumulative damage, Dk

max is the cal-
culated extreme value of the cumulative damage for k-th element
group. Another formulation can be based on the idea to built-in
damage conditions into objective function, i.e. 

. (29)

It is necessary to note that the identification of the extreme
element (or node) cumulative damage is generally very time-con-
suming hence the stress sensitivity or signification analysis plays
important role. By reason that the shell structures are in our atten-
tion, the signification analysis of the thin shell finite elements will
be presented. Theory of this process is in detail published in [11,
12]. 

6. Optimization of the track maintenance 
machine frame 

Let’s realise the optimum design of the chosen parameters of
the track maintenance machine VKL 400 (Fig. 2) [11]. The com-
putational model creation, the analysis of the vertical and transver-
sal stochastic vibrations of the model and the process of structural
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/ designing for a vehicle speed of 40, 70 and 100 kmph will be pre-
sented. The cumulative damage determination and design of the
cross sections (thicknesses) of the machine frame will be the gist
of the solution.

Applied material characteristics
The material computational parameters are Young’s modulus

E � 2.1011 Pa, Poisson ratio μ � 0.3, density ρ � 7800 kg/m3,
point of S�N curve NA � 103 cycles, σAmax � 217 MPa, Fatigue
limit σC � 68.7 MPa, C�D constant k � 0.8, exponent of S�N
curve m � 5.2. Graphical presentation of the “working” Wöhler
curve reduced according to Corten-Dolan is in Fig. 3. 

Computational model
The computational FE model (Fig. 4) was built-up from a

virtual model created in PRO/Engineer (Fig. 5) [11]. The selected
values describing physical properties of the computing model were
parameterized in order to their arbitrary changes. The goal of para-
meterization was to achieve the maximum variability of the model
which related mainly to verification and debugging of this model
and consequently to the optimization process. Additional vehicle
parameters were considered as follows: the stiffness of vertical
primary spring k1 � 360000 N/m, the damping coefficient for ver-
tical primary spring b1 � 16000 N.s/m, the stiffness of vertical
secondary spring k2 � 600000 N/m, damping coefficient for ver-
tical secondary spring b2 � 900 N.s/m.

Fig. 2 The basic geometry of the maintenance machine VKL 400

Fig. 3 The “working” S –N curve
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Optimizing parameters 
The objective function and constrain conditions were defined

by equations (1) and (2). Cross-section parameters, i.e. the thick-
ness of the welded frame plates were been parameterized (Fig. 6).
Values used on the build of the frame were applied in the initial
analysis, of course. The list of these values is presented in Table 1. 

It should be noted that in each optimizing step the stress
response and cumulative damage were calculated for each element
group, i.e. for 11 groups. Identification of the damage critical finite

elements was realised using classical static analysis [8, 11]. The
results of this process are presented in Table 2.

The optimization problem was defined as follows
� weight minimization of the frame structures,
� regarding boundary condition – maximum value of the fatigue

damage Dp � 0.6,
� 11 optimization parameters – thicknesses (X1 - X11) .

Optimization variables can gain the discrete values listed in
Table 3. 

Model of stochastic excitation
The stochastic character of excitation was modelled on the basis

of the vertical and transversal track unevenness obtained from the
measuring on real track [7, 11]. The behaviour of the chosen random
kinematic excitation function is shown in Fig. 8. The points where
these functions are input into the computational model are pre-
sented in Fig. 7. 

Where:
v – vehicle speed,
L – wheel base (8 m),
uyL

(1) – unevenness of the left rail in transverse direction for the 
front axle,

uzL
(1) – unevenness of the left rail in vertical direction for the 

front axle, 
uyP

(1) – unevenness of the right rail in transverse direction for 
the front axle,

uzP
(1) – unevenness of the right rail in vertical direction for the 

front axle,
uyL

(2) – unevenness of the left rail in transverse direction for the 

back axle, i.e.  ,

uzL
(2) – unevenness of the left rail in vertical direction for the 

back axle, i.e.  ,

uyP
(2) – unevenness of the right rail in transverse direction for 

the back axle, i.e.  ,u t u t v
L

y yP P
2 1= -^ c] ]

h mg g

u t u t v
L

L Lz z
2 1= -^ c] ]

h mg g

u t u t v
L

L Ly y
2 1= -^ c] ]

h mg g

Fig. 4 The finite element model in COSMOS/M

Fig. 5 Model of the analyzed vehicle frame with cross sections
identification

Fig. 6 Variables of the frame cross sections

Initial values of design variables Tab. 1. 

Variable X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11

Value
[mm]

30 20 25 20 35 35 15 25 15 25 25

Numbers of critical elements Tab. 2. 

Varia-
ble

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11

Elem.
No.

74 802 1753 2433 3420 3639 4007 4655 4939 5117 7252
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uzP
(2) – unevenness of the right rail in vertical direction for the

back axle, i.e.  .

Following operating conditions were assumed
� movement 27.000 hours with the velocity of 40kmph,
� movement 18.000 hours with the velocity of 70kmph,
� movement   9.000 hours with the velocity of 100kmph.

Results of the optimizing process
The optimizing process was very time consuming and contained

a lot of computational procedures. The main goal – structural
weight reduction was reached. Process of the weight reduction is
shown in Fig. 9. The calculation of the cumulative damage for
non-proportional shell stresses using IA was one of the most com-
plicated parts of the whole analysis [12]. The convergence history
of the optimizing process for chosen optimizing variables and cor-
responding cumulative damages are presented in Fig. 10. It can be
seen that the proposed algorithm is effective in view of a number
of design variables (nvar � 11), i.e. the number of iteration steps

u t u t v
L

zP zP
2 1= -^ c] ]

h mg g

was very low. Table 3 contains optimum values of the sheet thick-
nesses. 

7. Conclusion

The goal of the paper was to present some multi-axial fatigue
damage computational approaches and implementation and appli-
cation of the chosen structural optimization technique in the case
of the thin shell vehicle frames. The used methods were in-built
into finite element analysis. The results of numerical studies verify
accuracy of the applied optimizing approach in structural designing

Fig. 7 Identification of the kinematic excitation functions

Fig. 9 Reduction of the structural weight

Fig. 10 Convergence history of the cumulative damage 
for optimizing groups X5 – X8

Fig. 8 The random function – uyL
(1)

Optimum values Tab. 3. 

Variable X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11

Value
[mm]

10 10 12 14 12 12 12 18 12 12 10
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with fatigue damage conditions. It is also necessary to remember a
general problem of computational mechanics, i.e. time-consuming
calculation hence in the authors’ opinion the proposed algorithms
will be acceptable in technical community.
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1. Introduction

Titanium and its alloys are widely used as orthopaedic and
dental implants. They belong among the best biocompatible mate-
rials due to their passivation characteristics and the stability of the
passive films in a biological system [1, 2].

This material has received widespread attention due to its low
density, good strength, ductility corrosion resistance and biocom-
patibility. Titanium alloys have been clinically applied since 1970s
when surgical implants were made with high-strength Ti6Al4V alloy.
The natural oxide layer on commercially pure titanium is composed
of titanium oxide in different oxidation states (TiO2, Ti2O3 and
TiO), while for Ti6Al4V alloy, aluminium and vanadium are addi-
tionally present in oxidized form (Al2O3 or V2O5). The passive films
on the implant surface act as a barrier against the ion dissolution.
Vanadium can alter the kinetics of the enzyme activity associated
with the inflammatory response cells [2, 3].

With the degradation process metal ions are released, which
accumulate in the tissue around the implant and also enter into
the bloodstream. These ions may be responsible for wide range of
undesirable effects. Various studies from the retrieved hip implants
have established that the local reaction to particulate wear debris
initiates the formation of a granulomatous tissue that ultimately
invades the bone-implant interface and causes aseptic loosening.
The combination of in vivo corrosion and cyclic loading may lead
to the fracture of the implant, which is a serious clinical problem
[4].

One of the biggest advantages of titanium alloys is their good
corrosion resistance. The types of corrosion that have been observed
on titanium and its alloys may be classified under the following
general headings: general corrosion, crevice corrosion, stress cor-
rosion cracking, anodic breakdown pitting, and galvanic corrosion.

General corrosion is characterised by an uniform attack over the
entire exposed surface of metal. Titanium alloys are very resistant
to almost all salt solution over the pH range of 3 to 11 (pH of the
physiological solution is about 7.4 [5]). The corrosion rate values
for titanium alloys in variety of salt solution are generally less than
0.03 mm/yr [6].

Titanium is mechanically and chemically suitable for use in
orthopedic devices and dental implants, but lacks the bioactivity
needed for bonding to bone tissue. Different surface treatments
have been developed to improve the bioactivity and osteconduc-
tivity of titanium implants [7].

The main goal of presented investigation is evaluation of the
corrosion resistance of the Ti6Al4V alloy surface after electroero-
sion treatment in Hank’s solution.

2. Experimental materials and methods

Ti6Al4V alloy belongs to the most commonly used (α � β)
titanium alloys. This type of Ti alloy is used as implant because of
its good strength and ductility, being stronger and more resistant
than both α or β alloys and has an excellent corrosion resistance
in biofluids [3].

Titanium and titanium alloys are nontoxic, well tolerated
materials for human body. The implant must have safety stability
(20 years) in the body fluid environment that can be in a fact con-
sidered as the water solutions of salt [8]. 

2.1. Material preparation

The medical grade TiAl6V4 titanium alloy made by forging was
used for the study. The standardized chemical composition of this
alloy is in Tab. 1 [8].

CORROSION RESISTANCE OF TI6AL4V TITANIUM ALLOY 
WITH MODIFIED SURFACES
CORROSION RESISTANCE OF TI6AL4V TITANIUM ALLOY 
WITH MODIFIED SURFACES

Lenka Skublova – Viktor Skorik – Rastislava Mrazikova – Branislav Hadzima*

Corrosion behaviour of biocompatible Ti6Al4V titanium alloy has been investigated by using electrochemical impedance spectroscopy in
Hank’s physiological solution for two modified states of titanium surface. On the basic of type and shape of Nyquist curves obtained from EIS
measurements probable mechanisms of corrosion in a specific corrosion system are assigned.
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Department of Materials Engineering, FME, University of Zilina, Slovakia, E-mail: lenka.skublova@fstroj.uniza.sk
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The specimens were organized into two groups with different
modified surface:
� set I – specimens prepared from the basic state of Ti6Al4V alloy,
� set II – specimens prepared of Ti6Al4V alloy with additional

electro-erosion surface treatment (at electric discharge of 29 A). 

2.2. Microstructure analysis

Microstructural investigation was done by an optical microscope
Carl ZEISS AXIO Imager.A1m. The microstructure of Ti6Al4V
specimens (Fig.1) is a two-phase structure created by elongated

polyedric grains of α phase (bright grains with the average size of
about 6.25 μm) and intergranular β phase (dark/gray grains – 5
μm). Detail of the surface profile after electroerosion is in Fig. 2.
Average height of the profile at treated surface is about 190 μm.

2.3. Corrosion testing

The electrochemical tests were performed using electrochem-
ical impedance spectroscopy (EIS) in Hank’s physiological solution
(8 g/L NaCl, 0.4 g/l  KCl, 0.14 g/L CaCl2, 0.1 g/L MgSO4.7H2O,
0.06 g/L KH2PO4, 0.05 g/L NaH2PO4.H2O a 1 g/L D – glucose
[8]) at human body temperature (37 °C). This method allows estab-
lishing the value of polarization resistance of less conductive cor-
rosion systems, for example when a passive layer with good adhesion
is created on the metal surface. The polarization resistance Rp is
an electrochemical property characterizing the material properties
in the certain environment. The higher value of Rp represents better
corrosion resistance of the material in corrosion environment. The
electrochemical experiments were performed in a conventional
three-electrode cell system with a calomel reference electrode and
a platinum auxiliary electrode using Voltalab 10 corrosion measur-
ing system with PGZ 100 measuring unit. The scheme of circuit
connection and measuring principle is described in detail elsewhere
[10].

The times for potential stabilization between the specimen and
electrolyte, and the measuring frequencies are presented in Tab.
2. The amplitude of AC voltage was 20 mV. DC voltage compo-
nent by which the specimen was polarized during testing was set
to the measured value of free potential after stabilization. 

3. Results

The results of electrochemical impedance spectroscopy mea-
surements as Nyquist diagrams for Ti6Al4V alloy with basic surface
and Ti6Al4V alloy with electroeroded surface are in Figs. 3 and
4, respectively. 

The procedure and method of polarization resistance calcu-
lating from Nyquist plots is described in [11]. The impedance
spectrum for TiAl6V4 was fitted by EC-Lab Software V9.32 using
equivalent circuit (Fig. 5) [12].

Standardized chemical composition (wt %) Tab. 1 
of Ti6Al4V titanium alloy

N C H Fe O Al V Ti

max.
0.05

max.
0.08

max.
0.15

max.
0.4 

max.
0.2 

5.50 –
6.75

3.50 –
4.50

balance

Fig. 1 Microstructure of Ti6Al4V alloy, etched 2 mL HF+8 mL 
HNO3 + 90 mL H2O [9]

Fig. 2 Profile of electroeroded surface of Ti6Al4V alloy

Selected conditions of EIS measurements Tab. 2 

Exposure time Measured frequency

5 min. 100 kHz –  5 mHz

1 and 2 h. 100 kHz – 10 mHz

4 h. 100 kHz – 15 mHz

8 and 16 h. 100 kHz – 25 mHz
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The results of the Nyquist plots analysis are in Tab. 3 and
Tab. 4 for basic and electroeroded surface of the Ti6Al4V alloy,
respectively. 

4. Discussion

The biggest production problem of a total hip replacement is
not the way how to make an endoprothesis itself, but to find the

best way of its fixation into human body. Nowadays, more methods
are used. The endoprothesis with bioactive properties has the best
prospect due to interacting between its surface and biological tissue.
For example, porous surface of implants leads to tissue ingrowth.
The investigation deals with the evaluation the corrosion resistance
of the surface that had been treated by electro-erosive discharge.
This kind of treatment can provide bioactive properties to the
surface, but it also can cause small cracks due to stress that appears
on the surface during treating process.

The analysis of the measured results shows that the polariza-
tion resistance (Rp) of the interface titanium alloy – Hank’s solution
increases with exposure time (Fig. 6). The values of polarization
resistance increase in case of using basic material (black columns
in Fig. 6) and material with modified surface (gray columns in Fig.
6) as well. These values increase due to expansion of the passiva-
tion film on the surface that appears immediately after the inves-
tigated material is immersed into the experimental solution.

Dynamics of polarization resistance increase is affected by
changes on the surface that are caused by modification of the surface

Fig. 3 Nyquist diagrams for basic state of  Ti6Al4V alloy

Fig. 5 Equivalent circuit for analysis of Nyquist plots, Rs – resistance of
testing solution, Rp – polarization resistance, CPE – constant phase

element 

Fig. 4 Nyquist diagrams for electroeroded Ti6Al4V alloy

Electrochemical characteristic values for basic state Tab. 3 
of Ti6Al4V alloy in Hank’s solution

Rs

[Ω.cm2]
CPE

[10�6.F.sn�1]
n

Rp

[Ω.cm2]

5 min 35.43 29.77 0.845 132.141

1 h 29.96 21.26 0.8932 649.731

2 h 30.14 20.19 0.8655 768.760

4 h 30.21 20.19 0.8232 1,014.000

8 h 28.44 19.32 0.8176 1,387.000

16 h 25.09 18.26 0.8177 2,707.000

Electrochemical characteristics values for Tab. 4 
electroeroded Ti6Al4V alloy in Hank’s solution

Rs

[Ω.cm2]
CPE

[10�6.F.sn�1]
n

Rp

[Ω.cm2]

5 min 36.52 44.32 0.7499 195.205

1 h 34.34 37.01 0.7744 392.568

2 h 40.61 32.61 0.7898 276.640

4 h 39.72 33.93 0.7793 408.300

8 h 39.73 32.72 0.7772 633.648

16 h 37.08 31.96 0.7759 1,189.000
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during electrochemical erosive discharges. The Rp values of the
basic material increase uniformly. In a relatively short time, only
16-hour of exposure, Rp value increases 20-times, which is equal to
the increase of the corrosion resistance. The measured values of
the basic material surface are considered as reference because the
modification of the implant surface is necessary for cell ingrowth.
The analysis of curves measured on the electro-erosive modified
surface shows that the Rp values in case of electro-eroded material
increase during exposure time more slowly than  in case of basic
material. At the time of exposure from 2 to 4 hours, it even stag-
nates.

The most likely reason of this polarization resistance behavior
is less stability and greater inhomogenity of the passive layer due
to the residual stresses on the surface after electro-erosive modifi-
cation. This modification may also cause extra layer damage by
creating cracks. Higher inhomogenity of the passive layer on the
electro-eroded material is shown also by lower values of the para-
meter “n” acquired by the analysis of the measured curves. During
the 16-hour of exposure there was an increase of Rp values, but
compared to the basic material, it was relatively low (the reached
value of 1.1 MΩ.cm2). Corrosion resistance of electro-eroded
material decreases by more than half in comparison with the basic
material.

The future investigation has to focus on an elimination of the
deficiencies caused by surface modification. One possibility is to
remove the internal stresses on the surface by heat treatment or
chemical, possibly, electrochemical surface treatment.

4. Conclusions

On the basis of electrochemical impedance spectroscopy mea-
surements we concluded the following results:
� The values of polarization resistance of basic and electroeroded

material surface increase with the increase of exposure time.
The Rp values, in case of the basic material, increase after all

exposure time. In the case of electroeroded surface, Rp values
increase between exposures of 5 minutes and 1 hour. During 1-
4 hours of exposure, the Rp values stagnate and after 8 and 16
hours of exposure time, they increase again.

� Comparison of the Rp values shows that the electroeroded mate-
rial reaches lower values of polarization resistance. In this case,
the residual stresses generated on the surface during and just
after the electric discharge reduced not only its mechanical prop-
erties, but also corrosion resistance. The polarization resistance
of the basic material surface, without modifying the surface,
reaches the twofold value (2.7 MΩ.cm2) compared to elec-
troeroded material surface (1.1 MΩ.cm2).
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Fig. 6 Influence of exposure time of Ti6Al4V alloy in Hank’s solution
on polarization resistance for two types of different modified surface
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1. Introduction

Acrylic bone cements are commonly used in orthopaedric
surgery as bone filler and implant fixture agents. They are two-
component systems consisting of powdered polymer and liquid
monomer which are mixed together to form a dough.

Bone cement was mixed first using a spatula and opened bowl.
During this method the person who mixed the cement was exposed
to a high level of methylmethacrylate (MMA) vapors which are
noxious. Moreover, mixing at atmospheric pressure in an opened
bowl caused high degree of porosity of the premix and also of the
cured cement. Nowadays, cement is mixed and transferred within
the closed mixing barrel under reduced pressure (vacuum), thus
there is no human contact with it. Vacuum mixing improves the
quality of cement by eliminating the quantity of air bubbles in the
cement structure and also reduces the level of monomer fumes
discharged into environment [1]. Carefully prepared and cleaned
bone canal is filled with the polymerizing cement mass and then
the prosthesis is inserted and held in place while the cement solid-
ifies [2]. The solidification is caused by exothermic polymerization
of the monomer included in the liquid component. During this
process free radicals break the covalent double bonds between the
carbons of monomer allowing them to bind to the lengthening
polymer chains. The function of cured bone cement in vivo is load
and stress distribution by mechanical bonding between the bone
and endoprosthesis [3].

During the last years, numbers of investigations attended to
rheological properties of bone cements were realized. But no one
of them was aimed at time-dependent changes which occur after
bone cement ageing concerning cement preparation technology.
Because of this reason we focused our attention to these questions
and realized mechanical thermal analyses (DMTA) on aged cements

which were prepared by different techniques of mixing (hand
mixing, vacuum mixing). 

2. Background to rheological characterization

A viscoelastic material, as the name implies, exhibits both
viscous and elastic properties. These materials change their prop-
erties with temperature and time. One way to look at these changes
is by measuring the response of the material to deformation by
periodic forces (during forced vibration or small-amplitude oscil-
latory shear) [4]. The response obtained shows that stress and strain
are not in phase, the strain delays behind the stress by a phase
angle. If the oscillatory shear is sinusoidal, then shear stress is equal
to

(1) 

where τ0 – stress amplitude, ω – angular frequency, t – time and
. 

Because of the delay shear strain is then equal to 

(2) 

where γ0 – strain amplitude and δ – phase angle. 

The complex shear modulus G* is defined as

(3)

Using equation (1) and (2), it can be devided into two parts
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The rheological behaviour of polymethylmethacrylate bone cement SmartSet® HV prepared by hand and vacuum mixing was character-
ized using an oscillatory rheometer. Complex viscosity, damping factor, loss and storage modulus were measured by dynamic mechanical
thermal analysis (DMTA) after several periods of ageing as a function of temperature for a range of 22–70 °C. Time-dependent changes of
measured parameters were observed which were partially influenced by the cement preparation method. 
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The first G
 is in phase with strain, and the second G� is out
of phase with strain with angle δ. Therefore, two dynamic moduli
can be defined as

and  (5) (6)

G
 is called storage modulus and G� is called loss modulus. The
G
 value is a measure of the deformation energy stored by the
sample during the shear process. Thus, it represents the elastic
behaviour. G� value is a measure of the deformation energy used
up by the sample during the shear process and therefore it repre-
sents the viscous behaviour of the material [5, 6]. From equations
(2) – (6) it can be seen that

(7)

which is also called damping factor [7]. It reveals the ratio of the
viscous and the elastic portion of the viscoelastic deformation
behaviour. Idealelastic behaviour is specified in term of δ � 0° as
tg δ � 0 and the idealviscous behaviour can be expressed by δ � 90°
as tg δ � ∞. 

The complex viscosity η* is defined by the equation

(8)

where γ� is shear rate. Thus, complex viscosity can be also written
as 

(9)

3. Experimental material 

As an experimental material acrylic self-curing high viscosity
bone cement SmartSet  HV® was used. It is suitable for hand and
vacuum mixing as well and its quantitative composition is speci-
fied below in Table 1. 

The powdered component is white coloured and consists mainly
of a methylmethacrylate (MMA) and methylacrylate (MA) based
polymer. It also contains di-benzoyl peroxide which initiates cement
polymerization when the powder and liquid components are pre-
mixed and radiopaque agent zirconium dioxide.   

The liquid component is colorless and flammable with a distinc-
tive odor. Its major component is the monomer methylmethacrylate
(MMA). Hydroquinone is added as a stabilizer preventing pre-
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mature polymerization which may occur when the liquid is exposed
to heat or light. N,N-dimethyl-p-toluidine promotes cement poly-
merization.

4. Specimen preparation

Cement specimens were prepared by hand and vacuum mixing
technique, both with exact timing. For hand mixing a suitable
ceramic mixing bowl and spatula were used. The powdered com-
ponent was poured into a bowl and then liquid component was
added. The dough was mixed for 30 seconds very carefully. When
the dough was formed there was a need to wait 60 seconds (waiting
time) for this type of cement. Then it was taken into hands and
kneaded for a few seconds. For vacuum mixing the CEMVAC
syringe mixing system was used. After 90 seconds of mixing the
syringe system with included cement was transferred into a suit-
able application gun from where the cement mass was ready to
strike out.

After mixing processes the cement was stroked into a metal
mould with a length of 50 mm and cross section 2�8 mm where
it hardened for about 15 minutes. Then, hardened specimens were
removed form the mould and stored on air at 25 °C and at rela-
tive humidity of 40–45 % for 3, 6 and 12 months.  

5. Experimental methods

Experimental data were obtained by using an oscillatory rheome-
ter Physica MCR301 with a convection heating device CTD 450.
In dynamic mechanical thermal analysis (DMTA) under torsion,
the physical properties of the samples were measured as a func-
tion of the temperature. The magnitude of the oscillating stress
was kept as small as possible so that the cements structure was not
destroyed or changed during the measurement. The measuring cell
CTD 450 enables gradient-free measurement of the material prop-
erties according to the standard ASTM D-5279 [8]. The tempera-
ture displayed by the sensor corresponds to the actual sample
temperature at all times. The main advantage of this measuring
method is in simultaneous monitoring of all mentioned parame-
ters, e.g. G
, G�, tg δ and η*. 

6. Results and discussion

Our measurements on the oscillatory rheometer Physica
MCR301 were performed under constant dynamical mechanical

Quantitative composition of bone cement SmartSet® HV Tab.1

Bone Cement Powder Bone Cement Liquid

MMA/MA copolymer Di-benzoyl peroxide Zirconium dioxide MMA
N,N-dimethyl-p-

toluidine
Hydroquinone

84 (%w/w) 1 (%w/w) 15 (%w/w) 97.5 (%w/w) � 2.5 (%w/w) 0.0075 (%w/w)
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conditions. Deformation amplitude γ was 0.05% and frequency of
oscillation f was 1 Hz, which practically isn’t exceeded in vivo. The
temperature range of measurements was between 25 and 75°C.
The lower limit of this interval represents the storage temperature

of specimens and the upper interval is under the glass transition
temperature of polymethylmethacrylate (PMMA). Heating rate
during the measurements was 2 K min�1 according to ISO 6721-
10 [9].

Fig. 1 G
 of hand-mixed samples Fig. 2 G
 of vacuum-mixed samples

Fig. 3 G� of hand-mixed samples Fig. 4 G� of vacuum-mixed samples

Fig. 5 tg δ of hand-mixed samples Fig. 6 tg δ of vacuum-mixed samples

Fig. 7 η* of hand-mixed samples Fig. 8 η* of vacuum-mixed samples
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The results of rheological measurements are shown in Figs. 1
– 8. The temperature of 37 °C which corresponds to the body tem-
perature is marked with dashed line.

The results obtained show that after the hardening process of
cement it is still subjected to continuous structural changes for
both techniques of mixing. Differences in courses of the obtained
characteristics mean that the sensitivity of the cements to tempera-
ture changes by the time of exposition and vary for each mixing
technique. Hand-mixed cements are more sensitive to tempera-
ture than the ones mixed in vacuum. This phenomenon springs
from the fact that the structure of cements and their properties
were influenced by the mixing technique.

During the exposition in given environment (air) the cement
was in direct contact with air humidity. For different concentration
of water molecules in the air and in the structure of cement gra-
dient controlled diffusion occurred. Diffused molecules of water
to bone cement act as plasticizers and influence its physical and
mechanical properties [10]. It is commonly known that cement
mixing at reduced pressure minimizes the number of ineligible pores
in its structure [1]. Thus, the density of cement is higher and free
volume between the molecules is lower. Changes in physical and
mechanical properties of vacuum-mixed cement are then less influ-
enced by the environment in which the cement is stored, in this
case by the diffused molecules of water. This claim is confirmed
by relatively unchanged values of parameters for vacuum mixed
cements after 6 months of exposition.

Our attention should be further focused on the parameters
measured at body temperature, e. g. at 37 °C. After 3 months of
exposition the storage modulus G
, the loss modulus G� and also
the complex viscosity η* decreased for both techniques of mixing.
This phenomenon could be caused by higher mobility of polymer
chains rested in plasticizing effect of diffused water from the sur-
rounding environment. After next 3 months of exposition only small
changes were registered for vacuum mixed cements but the changes
in hand-mixed ones remained to continue. In term of energy dis-
sipation which is presented by the damping factor tg δ, no changes
occurred in vacuum-mixed cements during the monitored period.
In other study we also registered time-dependent changes in bone

cement tested by indentation measurements of microhardness,
elastic modulus and creep.

Described processes are much faster in vivo where bone cement
is directly washed with body fluids and for increased temperature
as well. Thus, the in vivo behaviour of bone cement forms a com-
prehensive problem which also includes the bilateral diffusion of
molecules of residual monomer and of body fluids. So, the changes
occurred in the cement in vivo may originate from different reasons.
On the other hand, these changes may be partially influenced by
later polymerization of the confined monomer in the structure of
cement and by other chemical processes activated e. g. by oxida-
tion. The effect of structural changes on mechanical properties of
acrylic bone cement was also shown by Hailey et al. [11]. They
showed that the individual storage media and temperatures have
significantly different effects on its behaviour.

7. Conclusions

Performed rheological measurements show that in bone cement
SmartSet® HV structural changes over the time can be reported.
These changes occurred without previous functional loading of the
cement when it was stored in a wet environment. The measures of
these changes partially depend on the structure of material influ-
enced by a mixing method. Results obtained after different periods
of testing were caused by ongoing polymerization, by diffusion of
water molecules to structure of the cement as well as by other
chemical changes. The mentioned results suggest a need for stan-
dardization of storage conditions of acrylic bone cements. Later
effect of cyclic stresses in vivo e. g. during walking could influence
the mechanical properties of the cement over the time as well and
the changes may affect stress distribution in the bone-cement-
prosthesis complex. 
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1. Introduction

High requirements for materials working in extreme conditions
create space for the use of nickel based superalloys. Superalloys
are suitable for these demanding applications particularly due to
the fact that they preserve almost unchanged strength even after
long term exposition to the temperatures exceeding 650 °C. The
most exacting application of these materials is their use in heat
parts of turbines. Important position of superalloys in this area is
reflected in the fact that at present they represent more than 50%
of mass of advanced aircraft engines. Extensive use of superalloys
in turbines, supported by the fact that thermo dynamic efficiency
of turbines increases with increasing temperatures at the turbine
inlet, became a partial reason for the effort aimed at increase of
maximum utility temperature of high alloyed alloys [3, 4].

This increase was enabled namely by two factors. The first
factor consists in advanced processing techniques, which improved
purity of alloys and thus increased its reliability, and also in mas-
tering of a directional crystallisation technique and subsequently
in mastering of technology of single crystalline products manu-
facture. The second factor consists in development of alloys with
higher utility temperature, particularly by alloying with Re, W, Ta
and Mo [4].

The submitted paper is oriented on materials engineering inves-
tigation of microstructural characteristics of cast nickel superalloy
IN 738 LC after heat treatment to the required quality and after
long term annealing at the temperature of 850 °C within interval
of 100 – 10 000 hours.

2. Material and Experimental Technology 

The microstructural analysis was made with the use of samples
of the above mentioned nickel superalloy IN 738 LC. The analy-
sis was made on the sample in the initial state after annealing to
required quality by the mode 1120 °C/2h/air � 845 °C/24h/air,
and subsequently on the samples after long term annealing at the
temperature of 850 °C for 100, 500, 1000, 5000 and 10 000 hours.
Microstructure was developed by chemical etching and it was doc-
umented on light metallographic microscope GX51.

Electron-microscopic investigation of the investigated alloy
was made on a scanning electron microscope JEOL JSM-6490LV
equipped with an energy dispersive spectral analyser INCA x act.
Documentation of microstructure was made in the mode of sec-
ondary electrons (SEI) and backscattered electrons (COMPO-
material contrast). Individual phases were identified by qualitative
X-ray microanalysis. The semiquantitative X-ray microanalysis was
made only in the case of particles greater than 1μm when results
were not distorted more significantly by X ray signal from the sur-
rounding matrix. 

The following Table I contains a chemical composition of the
investigated alloy. 

For this nickel superalloy additional information about chem-
ical constitution is given – a mean value of an electron vacancy
level on the 3d sphere N��V � 2.36 max. On the basis of this value
it is possible to state in conformity with the existing experience
that the investigated alloy will probably not show a susceptibility

PHASE ANALYSIS OF NICKEL SUPERALLOY INCONEL 738 LCPHASE ANALYSIS OF NICKEL SUPERALLOY INCONEL 738 LC

Zdenek Jonsta – Petr Jonsta – Katerina Konecna – Miriam Gabcova *

Alloys of INCONEL (hereinafter IN) type play an important role among superalloys, used for the components of aircraft engines, gas tur-
bines and turbo blowers. It is cast material which is alloyed in a complex manner on the Cr–Al–Mo–Ti–Nb–Zr basis.

The presented work made a detailed microstructural analysis of cast nickel superalloy IN 738 LC after heat treatment to the required
quality and after long term annealing at the temperature of 850 °C and at dwell of 100, 500, 1000, 5000 and 10 000 hours.

Higher level of alloying of this alloy shows the higher level of a segregation activity. This may lead to high temperature exploitation to the
development of microsegregation processes, connected to possible precipitation of carbidic or some variants of intermetallic phases [1]. Several
strengthening mechanisms take place here, and a main strengthening is the precipitation strengthening by coherent precipitates of an inter-
metallic phase Ni3Al, or Ni3(Ti, Al) [2].

The objective of the presented microstructural analysis consisted in a more detailed understanding of investigated nickel superalloy from
a technical applicability viewpoint.
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to the formation of σ – phase. It was found in practice that σ –
phase was formed on the one hand only in a case that N��V � 2.5 –
2.6, on the other hand in a case when N��V � 2.0 – 2.1.

3. Basic microstructural analysis 

The basic microstructure of the sample in an initial state was
formed by γ matrix. Particles of γ
 phase were segregated in it.
Two stage heat treatment led to the creation of bimodal distribu-
tion of this phase. Chemical composition of particles of the γ

phase with certain variability corresponds to intermetallics Ni3(Al,
Ti). This phase contained also significant quantity of dissolved Ta.

Processes of unmixing in the course of crystallisation led to the
creation of distinct chemical heterogenities in the final microstruc-
ture. Primary carbides of the type MC were segregated in a non
homogenous manner in the matrix. They contained variable quan-
tities of strong carbide forming elements, namely tantalum, niobium
and titanium. Carbides of the type MC often decorated grain bound-
aries. Numerous eutectic formations γ � γ
 were segregated in
interdendritic spaces. In the areas of eutectics that solidified as
the last ones, coarse particles of the phase γ
 were formed. In
some cases small shrinkage porosities were present in their vicin-
ity and a phase rich in Zr was also present locally. EDX spectrum
showed that it was probably ZrSx. Titanium carbonitrides were
also detected in the proximity of eutectics. No particles of other

Chemical composition of IN 738 LC (wt. %) Table I

C Cr Ti Al Fe(max) Nb Ta Co Zr Ni

0.09
–

0.13

15.7
–

16.3

3.20
–

3.70

3.20
–

3.70
0.35

0.60
–

1.10

1.50
–

2.00

8.00
–

9.00

0.03
–

0.08
rest

a) Eutectics and MC carbides in interdendritic spaces b)  Examples of eutectics and MC carbides in their proximity

c) Detail of eutectics d) Detail of coarse particle γ
, particle rich in Zr surrounded 
by MC carbides

Fig.1 Examples of structure in initial state
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minority phases with size exceeding approx. 0.5μm were observed.
Fig. 1 documents the appropriate microstructure. At visualisation
in backscattered electrons (BEI) the white contrast corresponds
to primary MC carbides, particles ZrSx are grey. 

It is evident from the next Fig. 2 taken with the use of a light
microscope that dendritic structure in the initial state was not very
distinct. During subsequent long term exposition at the tempera-
ture of 850 °C the bimodal distribution of the phase γ
 in the total
volume of the alloy is gradually eliminated [1]. In comparison
with the initial state the dendritic structure was very distinct, as it
can be seen in Fig. 3, documenting microstructure of the sample
after long term annealing at the temperature of 850 °C/5000 hours.

4. Microstructural characteristics after long term
annealing

After long term annealing differences were observed in a grain
size in interdendritic spaces and inside branches of dendrites. Par-
ticles in interdendritic spaces were coarser, inside branches of den-

drites were finer. Grain boundaries were decorated with disconti-
nuous mesh of carbides MC and M23C6. It is known that primary
carbides in nickel superalloys are unstable. They gradually decom-
pose at high temperatures. 

This decomposition is accompanied with the creation of sec-
ondary carbides particles M23C6 and phase γ
 [2]. It is evident
from photos of microstructures in Figs. 4a, 4b and 5 that the cre-
ation of secondary carbides occurs both by degeneration of primary
MC carbides, and by precipitation from solution, which contains
residual carbon. A rim formed by γ
 phase was gradually formed
along carbides on grain boundaries. It was the most distinct in the
sample with the longest duration of annealing (10 000 hours).
This example is shown in Fig. 6.

Formations of eutectics were more difficult to be discerned
with an increasing duration of annealing due to the growth and
coarsening of particles of the γ
 phase. Migration of grain bound-
aries occurred, the boundaries became significantly more toothed,
which according to the work [6] is advantageous from the view-

Fig. 2 Microstructure in initial state

Fig. 4 An example of structure after annealing by regime 500 hours/850 °C

Fig. 3 Microstructure after annealing 850 °C/5000 hours
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point of resistance to creep. Fig. 7 shows examples of structures
after annealing of 2000 hours at the temperature of 850 °C.

With elongation of annealing duration at the temperature of
850 °C growth and coarsening of the phases which were present in
a structure occurred already after annealing at 850 °C/100 hours.
The phase rich in Zr was not anymore detected in the samples
with duration of annealing since 2000 hours. After the longest dura-
tion of annealing (10 000 hours) morphology of γ
 phase particles
has changed. Particles became rounder, the difference between
their size inside dendrites and in interdendritic spaces diminishes.
[3, 5]. Very important is the fact that no occurrence of TCP
phases (for example σ phase, μ phase, R phase) was found in any
of investigated samples. 

5. Conclusions

The presented paper presents a carried out detailed phase
analysis of the samples of refractory nickel superalloy IN 738 LC
both in its initial state and after heat treatment to the required

quality and after long-term annealing at the temperature of 850 °C
with dwell in the interval from 102 to 104 hours. 

It was possible to state on the basis of the obtained results
that with increased duration of dwell at the temperature of 850 °C
no precipitation of new minority phases occurred. Only processes
of growth and coarsening of phases’ particles which were present
in the structure already after annealing at 850 °C/100 hours
occurred. Morphology of particles of γ
 phase in the basic matrix
γ also occurred as they coagulated and rounded off. This finding
is in good correlation with the work [3].

Special attention was paid also to a possibility of undesirable
TCP phases precipitation, particularly of the phase σ. Due to the
value of concentration of vacancies on 3d sphere, which was
determined as  N��V � 2.36 max., precipitation of these undesirable
phases appeared to be improbable. The microstructural analysis
confirmed this assumption since these undesirable phases were
not detected in any variant of a long term exposition at the tem-
perature of 850 °C. 

Fig. 7 Coarse MC carbides and indistinct eutectics

Fig. 5 Precipitation of M23C6 around MC carbides and from γ solution Fig. 6 Grain boundary decorated by particles M23C6 coated by γ
film
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The realised microstructural analysis showed that structural
changes at long term annealing at the temperature of 850 °C were
not noticeably unfavourable and that they did not cause degrada-
tion of the investigated alloy at a long term high temperature expo-
sition.

The obtained results extend the findings and knowledge about
investigated superalloy from the viewpoint of ensuring its opera-
tional reliability and safety. 
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1. Introduction

Al-Si alloys are most universal materials, comprising 85% to
90% of the aluminium cast parts produced for the automotive
industry (e.g. various motor mounts, engine parts, cylinder heads,
pistons, valve retainer, compressor parts, etc.) [1, 2].

The application of Al-Si alloy castings in many mechanical
components, especially for cars and rail vehicles, has gradually
increased in the last years, thanks to the great potential of these
materials as replacements for ferrous alloys. Today an increasing
amount of the aluminium going into producing new aluminium
alloy products is coming from recycled products. The increase in
recycled metal becoming available is a positive trend, as secondary
metal produced from recycled metal requires only about 2.8 kWh/kg
of metal produced while primary aluminium production requires
about 45 kWh/kg of metal produced. It is to the aluminium indu-
stry’s advantage to maximize the amount of recycled metal, for
both the energy-savings and the reduction of dependence upon
overseas sources. Increasing the use of recycled metal is also quite
important from the ecological standpoint, since producing alumi-
nium by recycling creates only about 4% as much CO2 as by
primary production [3]. 

But it is recognized that these recycled Al-Si alloys are not
likely to be suitable for fracture-critical components, where higher

levels of Fe and Si have been shown to degrade fracture resistance.
However the likelihood exists that they may perform quite satis-
factorily in applications such as those listed where service life is
determined by other factors [4].

The quality of recycled Al-Si casting alloys is considered to be
a key factor in selecting an alloy casting for a particular engineer-
ing application. The microstructure of Al-Si-Cu cast alloy is com-
posed of a certain amount of Fe, Mn and Mg that are present
either accidentally, or they are added deliberately to provide special
material properties. These elements partly go into solid solution
in the matrix and partly form intermetallic particles during solidi-
fication. The size, volume and morphology of intermetallic phases
are functions of chemistry, solidification conditions and heat treat-
ment [1, 2, 5]. Fe is a common impurity in aluminium alloys that
leads to the formation of complex Fe-rich intermetallic phases,
and how these phases can adversely affect mechanical properties,
especially ductility, and also lead to the formation of excessive
shrinkage porosity defects in castings [6]. It is clear that the mor-
phology of Fe-rich intermetallic phases influences harmfully also
fatigue properties [7]. Much harmful effect proves the cast defects
as porosity and microshrinkages because these defects have larger
size than intermetallic phases. 

The present study is a part of larger research project, which
was conducted to investigate and to provide a better understand-

EVOLUTION OF THE Fe-RICH PHASES IN RECYCLED AlSi9Cu3
CAST ALLOY DURING SOLUTION TREATMENT
EVOLUTION OF THE Fe-RICH PHASES IN RECYCLED AlSi9Cu3
CAST ALLOY DURING SOLUTION TREATMENT

Eva Tillova – Maria Chalupova – Lenka Hurtalova *

Using recycled aluminium cast alloys is profitable in many aspects. Requiring only 5% of the energy to produce secondary metal as
compared to primary metal and generates only 4% of the CO2 emissions, the recycling of aluminium is therefore beneficial of both
environmental and economical point of view. AlSi9Cu3 is a very frequently employed die-casting alloy. It is used in almost all fields of pressure
die casting, especially in the fabrication various motor mounts, pistons, cylinder heads, heat exchangers, air conditioners or gearings. Al-Si-Cu
alloys usually contain Cu and sometimes Mg as the main alloying elements, together with various impurities such as Fe, Mn or Cr. Presence
of the Fe impurity enables the crystallization of brittles needles Al5FeSi during solidification, even thought the Fe content is extremely low in
a melt, and its presence severely lowers the dynamic fracture toughness of the alloy. Alloying elements such are Mn, Cr, Mo and Be have been
used to change the morphology of the Al5FeSi needles and Al(FeMnMg)Si skeleton (or “Chinese script”) phases. 

The present study is a part of larger research project, which was conducted to investigate and to provide a better understanding of the
solution annealing on the morphology of Fe-rich intermetallic phases in cast Al-Si-Cu alloys. The Fe-rich changes of typical specimens under
different solution heat treatment condition were examined using an optical and scanning electron microscope (SEM). The results show that
optimal solution treatment causes increasing of mechanical properties, the change of Si-morphology and reduction iron rich phases.

Keywords: recycled Al-Si cast alloy, Fe-rich intermetallic phases, solution treatment
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ing of the influence of Fe on the structure and mechanical pro-
perties in recycled (secondary) AlSi9Cu3 cast alloy. 

2. Experimental part

Recycled (secondary) AlSi9Cu3 cast alloy with chemical com-
position given in table 1 was used as an experimental material. The
melt was not modified or refined. Experimental cast samples were
given a heat treatment - solution treatment for 2, 4, 8, 16 or 32
hours at three temperatures (505, 515 and 525 °C); water quench-
ing at 40 °C and natural aging for 24 hours at room temperature.
After heat treatment the samples were subjected to a mechanical
test. Hardness measurement was preformed by a Brinell hardness
tester with a load of 62.5 Kp, 2.5 mm diameter ball and a dwell
time of 15 s. The Brinell hardness value at each state was obtained
by an average of at least six measurements.

Metallographic samples were cut from selected tensile speci-
mens (after testing) and hot mounted for metallographic prepara-
tion. The microstructures were studied using an optical microscope
Neophot 32. Samples were prepared by standards metallographic
procedures (wet ground on SiC papers, DP polished with 3 μm
diamond pastes followed by Struers Op-S and etched by Dix-Keller,
HNO3, H2SO4 or MA). To determine the chemical composition
of the intermetallic phases a scanning electron microscope (SEM)
TESCAN VEGA LMU with EDX analyser BRUKER QUANTAX
was employed. 

3. Results and discussion

The structure of hypoeutectic AlSi9Cu3 cast alloy consists of
dendrites α-phase (light grey), eutectic (dark grey) and interme-
tallic Fe- and Cu-rich phases. The formation of these phases should
correspond to successive reaction during solidification Table 2
[1, 4, 8].

The effect of solution treatment on morphology of eutectic Si
is demonstrated in Fig. 1. The changes in morphology of eutectic

Chemical composition of the alloy (wt. %) Table 1

Si Cu Mn Fe Mg Ni Pb Zn Ti Al

10.7 2.4 0.22 � 0.8 0.47 0.08 0.11 1.1 0.03 rest

a) untreated state b) 505 °C, 4 hours

c) 515 °C, 4 hours d) 525 °C, 4 hours
Fig. 1 Effect of solution treatment on morphology of eutectic Si, etch. Dix-Keller
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Si observed after heat treatments are documented for holding time
of 4 hours. Eutectic Si without heat treatment (untreated state)
occurs in platelets form (Fig. 1a). After solution treatment by tem-
perature of 505 °C we noted that the platelets were fragmentized
into smaller platelets with spherical edges (Fig. 1b). The sphe-
roidized process dominated at 515 °C. The smaller Si particles
were spheroidized to rounded shape, see Fig. 1c. By solution treat-
ment at 525 °C the spheroidized particles gradually grew larger
(coarsening) (Fig. 1d).

For die casting, Fe is added to increase hot tear resistance and
to reduce die sticking. In Al-Si-Cu type alloys, however, Fe showed
to have the most detrimental effect on ductility of all of the
common impurities. Iron impurities can either come from the ori-
ginal bauxite ore or be acquired during subsequent melting, remelt-
ing and casting, e.g. by contamination from the melting pot etc.
Significant levels of Fe (e.g. � 0.5 %) can change the solidifica-
tion characteristics of Al-Si alloys by forming pre- and post-eutec-
tic Al5FeSi (know as beta- or β- phase [4, 9, 10]). 

Al5FeSi phases precipitate in the interdendritic and inter-
granular regions as platelets (appearing as needles in the metallo-
graphic microscope – Fig. 2a). Long and brittle Al5FeSi platelets
(more than 500 ∝m) can adversely affect mechanical properties,
especially ductility, and also lead to the formation of excessive

shrinkage porosity defects in castings. It was also shown that the
Al5FeSi needles can act as nucleation sites for Cu-rich phases
(Fig. 2b) [11]. 

The deleterious effect of Al5FeSi can be reduced by increasing
the cooling rate, superheating the molten metal, or by the addition
of a suitable “neutralizer” like Mn, Co, Cr, Ni, V, Mo and Be. Mn
was the most common addition. Mn excess may reduce Al5FeSi
phase and promote formation of Fe-rich phases Al15(FeMn)3Si2
(known as alpha- or α-phase [4, 10-13]) in a “skeleton-like” form
or in “Chinese script” form – Fig. 3a. This compact morphology
“Chinese script” (skeleton – like) does not initiate cracks in the
cast material to the same extent as Al5FeSi does. If Mg is also
present with Si, an alternative called pi- or π-phase can form,
Al5Si6Mg8Fe2. Al5Si6Mg8Fe2 has a script-like morphology [4,
12].

Fe-rich phases (Al5FeSi or Al15(FeMn)3Si2) are completely
brittle [1], since their particles break during polishing in slurry of
alumina (Fig. 3b). It suggests that the intermetallic phases may act
as stress raisers and crack initiation sites that reduce the strength
and ductility of the recycled Al-Si-Cu alloys due to the lack of
active slip systems in the intermetallic compounds.

Alloying with Mn and Cr, caution has to be taken in order to
avoid the formation of hard complex intermetallic multi-compo-
nent sludge, Al15(FeMnCr)3Si2 – phase (Fig. 3c). These inter-
metallic compounds are hard and can adversely affect the overall
properties of the casting. The formation of sludge phases [12] is
a temperature dependent process in a combination with the con-
centrations of iron, manganese and chromium independent of the
silicon content.

In recycled AlSi9Cu3 cast alloy that contains less than 0.8% of
Fe and 0.22%Mn very short and little Al5FeSi needles were present.
Fe-phases precipitate first of all as skeleton-like Al15(FeMn)3Si2
phase.

Reactions occurring during solidification of Al-Si-Cu alloy Table 2

Temperature, °C 

α – dendritic network 609

Liq. → α – phase � Al15(FeMn)3Si2 � Al5FeSi 590

Liq. → α – phase � Si � Al5FeSi 575

Liq. → α – phase � Si � Mg2Si � Al8Mg3FeSi2 554

Liq. → α – phase � Al2Cu � Al5FeSi � Si 525

Liq. → α – phase � Al2Cu � Si � Al5Mg8Si6Cu2 507

a) Al5FeSi needles b) Al5FeSi needles as nucleation sites for Cu-rich phases
Fig. 2 Morphology of Fe-rich needles in recycled AlSi9Cu3 cast alloy, etch. Dix-Keller
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3.1. The effect of solution treatment on mechanical 
properties 

Mechanical properties of a cast component are determined
largely by the shape and distribution of Si particles in the matrix.
Optimum tensile, impact and fatigue properties are obtained with
small, spherical and evenly distributed particles.

Heat treatment used to obtain the optimal combination of
strength and ductility in casting involves: a) solutionizing to ther-
mally prepare the material; b) quenching to retain the maximum
concentration of hardening constituent (Al2Cu) in solid solution
and c) a combination of artificial and over-ageing to obtain the
desired mechanical properties in the casting [5]. Solution treat-
ment performs three roles: homogenization of as-cast structure;
dissolution of certain intermetallic phases such as Al2Cu; changes
the morphology of eutectic Si phase by fragmentation, spheroidiza-
tion and coarsening, thereby improving mechanical properties,
particularly ductility. Most of the recommended heat treatment of
alloys that contain cooper restricts the solution temperature below

the final solidification point in order to avoid the melting of
copper-rich phases.

Influence of solution treatment on mechanical properties
(strength tensile – Rm and Brinell hardness - HBS) for recycled
AlSi9Cu3 cast alloy is shown in Figs. 4 and 5. After solution treat-
ment, tensile strength, ductility and hardness are remarkably
improved, compared to the corresponding as-cast condition. 

By increasing the solution holding time from 2 to 4 h, the
tensile strength increased to 273 MPa for 515 °C. With further
increase in solution temperature more than 515 °C and solution
time more than 8 hours, tensile strength gently decreases during
the whole solution period. This suggests that to enhance the
tensile strength of this alloy by increasing the solution tempera-
ture more than 515 °C and by extending the solution time does
not seem possible. Peak strength is reached after 4–8 h of natural
ageing. 

The results of hardness (Fig. 5) are comparable with results
of tensile strength. The highest hardness was 124 HBS for 515 °C/4

a) Al15(FeMn)3Si2 b) detail of brittle Al15(FeMn)3Si2

c) typical microstructure of “sludge” 
(a coarse form of the Al15(FeMn)3Si2 phase)

Fig. 3 Morphology of skeleton-like Fe-rich phases in recycled AlSi9Cu3 cast alloy, etch. Dix-Keller
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hours. At 525 °C, test bars show hardness strong reduction due to
the melting of the Al-Al2Cu-Si phase [14–17]. 

3.2. The effect of solution treatment on the Fe-rich 
phases

The influence of iron on mechanical properties of aluminium
alloys depends on the type, morphology and quantity of iron in the

melt. Nevertheless, the shape of iron compounds is more influen-
tial than the quantity of those iron compounds. 

The evolution of the Fe-rich phases during solution treatment
is described in Fig. 6. Al5FeSi phase is dissolved into very small
needles (difficult to observe). The Al15(MnFe)3Si2 phase was
fragmented to smaller skeleton particles. In the untreated state
Al15(FeMn)3Si2 phase has a compact skeleton-like form (Fig. 6a).
Solution treatment of this skeleton-like phase by 505°C tends to

Fig. 4 Influence of solution treatment on strength tensile Fig. 5 Influence of solution treatment on hardness 

a) untreated state b) 505 °C, 4 hours

c) 515 °C, 4 hours d) 525 °C, 4 hours
Fig. 6 Changes in morphology of Al15(FeMn)3Si2 phases during solution treatment, etch. H2SO4
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fragmentation (Fig. 6b) and by 515 or 525°C to spheroidization
and segmentation (Fig. 6c, Fig. 6d). 

It was established too that the temperature increase of solution
treatment was attended not only by fragmentation of Al15(MnFe)3Si2
phase, but also by decrease of area share of all Fe-rich phases in
AlSi9Cu3 alloy. For the non-heat treated state the area share of
Fe-rich phase was c. 4.5%, for temperature 515 °C c. 1.6% and for
525 °C only c. 1.3%. Solution treatment reduces its area rather
than changes its morphology. 

Quantitative metallography [18–19] was carried out on an
Image Analyzer NIS – Elements to quantify Fe- rich phases (average
area) morphology changes, during solution treatment. Fig. 7 shows
the changes in the average area of Fe-rich phases during solution
treatment. The maximum average area of Fe-rich phases was
observed in as-cast samples (2 495 μm2). By increasing the solution

temperature the average area of Fe-phases dropped to 320 μm2

for 515 °C. With a prolonged solution treatment time more than
8 h, the extent of dissolution of Fe-rich phases changed little.

4. Conclusions

In the present study, the evolution of the Fe-rich phases in
recycled AlSi9Cu3 cast alloy during solution treatment was inves-
tigated. Microstructural characteristic and mechanical properties
were studied. From the analysis of the results the following con-
clusions can be drawn:
� Two Fe-rich phases – Al5FeSi needles and skeleton-like

Al15(FeMn)3Si2 were observed. Al15(FeMn)3Si2 phase was do-
minant thanks to the presence of Mn.

� The morphology and size of iron phases are highly dependent
on the solution treatment. Platelets Fe-rich phases (Al5FeSi) are
dissolved into very small needle phases. Skeleton-like Fe-rich
phases (Al15(FeMn)3Si2) are fragmented and dissolved (average
area reduces from 2 495 to 320 μm2). 

� Optimal solution treatment (515 °C/4 hours) most improves
mechanical properties. With further increases of solution treat-
ment time (more than 4 hours) was tensile strength continuously
dropped. Brinell hardness by increasis of solution treatment time
dropped too. The temperature 525 °C is not suitable for secondary
AlSi9Cu3 cast alloy solution treatment, because Cu-rich phases
(Al-Al2Cu-Si) are melt at this temperature [20]. 
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