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Dear reader,

this volume of the Communications is mainly devoted to fatigue of structural materials. Fatigue prop-
erties of structural materials have been studied for more than 150 years:

o 1829 - Wilhelm Albert first discusses the phenomenon on observing the failure of iron mine-hoist
chains in Clausthal mines;

o 1839 - the term fatigue becomes current when Jean-Victor Poncelet in his lectures at the military
school at Metz describes metals as being tired;

e 1843 - William John Macquorn Rankine in his investigation of railroad axle failures following the
Versailles accident recognises the importance of stress concentration;

o 1849 - Eaton Hodgkinson is granted a small sum of money to report to the UK Parliament on his
work in ascertaining by direct experiment, the effects of continued changes of load upon iron struc-
tures and to what extent they could be loaded without danger to their ultimate security

o 1860 - the first systematic investigations of fatigue life by Sir William Fairbairn and August Wéhler.
Wahler’s study of railroad axles lead him to the idea of a fatigue limit and to propose the use of S-N
curves in mechanical design; and so on ...

Although fatigue has been studied extensively over many years, further study is warranted because
the knowledge base, although large, is partly obsolete and new materials and treatments are continuously
being developed. With regard to the above facts the editorial board addressed the institutions whose activ-
ities on the fatigue field are significant. The reaction of authors was spontaneous. Let me thank to all of
them (Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Brno; Czech Tech-
nical University of Prague, Prague; Charles University, Prague; Brno University of Technology, Brno; Uni-
versity of Defence, Brno; SVUM, a.s., Prague; Technical University of Kosice, Kosice; University of Zilina,
Zilina) who contributed to the Communications - Scientific Letters of the University of Zilina, No. 4,
2006.

Otakar Bokiivka
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MECHANISMS OF THE EARLY FATIGUE DAMAGE

IN METALLIC MATERIALS

The early stages of the fatigue damage in f.c.c. and b.c.c. metals are studied using high resolution techniques. The localization of the cyclic
plastic strain results in formation persistent slip bands (PSBs) with specific dislocation structure. Characteristic surface relief is formed at
locations where PSBs emerge on the surface. It consists of extrusions and intrusions separated by the original flat surface. Atomic force
microscopy is used to study the details of the surface relief. The experimental findings are discussed in terms of the point defect model of fatigue

crack initiation.

1. Introduction

The basic facts concerning the surface relief formation in
fatigued metals were documented already at the beginning of the
20" century by Ewing and Humfrey [1] by observing the surface
of fatigued Swedish iron. The optical microscope used in these and
later studies could not reveal details of the emerging extrusions
and intrusions and eventually the early initiation of fatigue cracks.
Later studies using replicas in transmission electron microscope
or classical scanning electron microscope (see. e.g. [2]) yield higher
resolution but it is not possible to obtain quantitative information
in three dimensions.

Transmission electron microscopy allowed studying dislocation
structure of fatigued metals [2]. Early studies in single crystals
revealed specific structure of the bands, responsible for the local-
ization of the cyclic strain - persistent slip bands (PSBs). Oriented
foil technique [3] allows studying dislocation structure in individ-
ual grains of polycrystalline materials. PSBs accommodate high
cyclic plastic strain. Due to high cyclic plastic strain amplitude
localized in PSBs pronounced surface relief in the form persistent
slip markings (PSMs) is formed in areas where PSBs emerge on
the surface.

In this contribution the characteristic dislocation structures
corresponding to cyclic slip localization in polycrystalline f.c.c.
and b.c.c. stainless steels observed using transmission electron
microscope are shown. The characteristic surface relief produced
during cyclic straining of these materials - PSMs - using AFM
(Topometrics) is documented. The experimental data are used to
discuss the models of fatigue crack initiation.

2. Experimental

Polycrystalline specimens made of 316L austenitic stainless steel
and X10CrAl24 ferritic stainless steel were used in the present

* Jaroslav Polak, Jifi Man, Martin Petrenec

study. Smooth cylindrical specimens having 8 mm in diameter and
12 mm in gage length were slightly notched to produce surface
suitable for surface observations. The dimensions of the specimen
are shown in Fig. 1. The area of the notch was mechanically and
electrolytically polished to facilitate the observations of the surface
relief. The specimens were cycled in computer controlled MTS
880 electrohydraulic machine. Symmetrical strain cycle with the
strain rate € = 2.5 X 107 s~ ! was applied at room temperature.
The plastic strain amplitude derived from the half-width of the hys-
teresis loop was kept constant using the computer “outer loop”.
Further experimental details concerning the materials and testing
procedure can be found elsewhere [3, 4].
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Fig. 1 Dimensions of the specimen with a shallow notch.

Institute of Physics of Materials, Academy of Sciences of the Czech Republic, Zizkova 22, Brno, Czech Republic, polak@ipm.cz
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The cycling was interrupted at a selected number of cycles;
the specimen was taken from the testing machine and inspected
in AFM. Replica technique was applied to reveal the depth and
the shape of extrusions and intrusions [5].

Some fatigued specimens were cut and thin foils with the foil
plane parallel to the specimen axis were produced. They were
observed in transmission electron microscope Philips CM12. Ori-
entation of the foil relative to the loading axis was determined
with the help of electron diffraction and Kikuchi lines.

3. Results
3.1. Dislocation structures

Dislocation structures corresponding to cyclic slip localiza-
tion were studied mostly in polycrystalline specimens cycled with
medium and low plastic strain amplitudes. Previous studies in
austenitic steel and in austenitic grains of duplex steel [6-8] revealed
the presence of specific bands (PSBs) with irregular ladder struc-
ture embedded in the matrix. The density of individual PSBs is
highest for medium plastic strain amplitudes ( ~ 2 X 107%).

Figure 2 shows characteristic dislocation structures in austenitic
and in ferritic stainless steels in specimens cycled with medium
plastic strain amplitudes up to the end of the fatigue life. Orienta-
tion of individual grains is shown by the position of the stress axis
in a stereographic triangle. The trace of the primary slip plane and
Schmid factors of mostly stressed systems are also shown. Indi-
vidual ladder-like bands, parallel to the primary slip plane in Fig.
2a consist of alternating dislocation-rich walls and dislocation-poor

Stress axis is [589]
SF {(111) [101]} = 0.404
SF {(111) [170]} = 0.37

Foil plane (1 12 10) has
™ 30 ° difference to (121).

foil plane.

Fig. 2 Ladder-like structures of PSBs and matrix in specimens cycled to fracture (a) austenitic steel, €,, = 1 X 1073

Primary slip plane (111) is
nearly perpendicular to the

channels, both approximately perpendicular to the foil plane. This
structure corresponds to the dislocation arrangement in fatigued
single crystals [2].

Ladder-like dislocation structures were also found in fatigued
ferritic stainless steel cycled with constant low plastic strain ampli-
tude. Figure 2b shows a micrograph of a grain oriented for single
slip in a section close to (121) plane with three bands of ladder-
like structure parallel to the traces of (101) or (112) planes. The
matrix is formed by random arrangement of dislocations [9]. Dis-
location walls consisting of dipole and multipole configurations are
more regular than in case of austenitic steel (Fig. 2a). Screw dislo-
cation segments in the channels are hanging between neighbor dis-
location walls.

3.2. Surface relief evolution

Typical shapes of PSMs in 316L steel fatigued to fracture as
recorded by AFM are shown in Fig. 3. Since the real shape of
PSMs is distorted in the AFM [5] it was necessary to record not
only the AFM image of the metallic surface (Fig. 3a) but also the
inverted AFM image of the plastic replica taken at the identical
location (Fig. 3b). Comparing these two images enough informa-
tion on the real shape of typical PSMs in fatigued 316L steel can
be obtained. The band-like extrusions emanate from the material
in a direction of the active Burgers vector and their height fluctu-
ates only moderately. One or two thin parallel intrusions, observed
on the image of plastic replica (Fig. 3b), penetrate into the mate-
rial at the boundary between PSB and the matrix, preferably on
the side of the extrusion where the angle between the surface and
the slip plane emerging from the crystal is acute.

Foil plane (362) is

o,
close to (121). : :{\?n
Primary Burgers veclor _. X/ o
b/2[111] is nearly | ey <
parellel to the foil plane.

Stress axis is [1,3,11]
SF {(101) [111]} = 0.4862
SF {(101) [711]} = 0.4675
SF {(011) [1T1])} = 0.3927
SF {(172) [T11]} = 0.4858
SF {(172) [111]) = 0.4678
SF {{112) [1_11]}},= 0.3887

: :

\ ¢
V=110

B=[170]},

(b) ferritic steel, €,, = 2 X 1073, (Direction of the stress axis (S.A.) is shown in a basic triangle).
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Fig. 3 AFM images of the surface relief of individual PSMs in 316L steel on the metallic specimen (a) and on the plastic replica (b);
€, = 2 X 1077, N = 20 000 cycles.

intrusion

extrusion

Fig. 4 AFM image of the plastic replica of the austenitic grain
afier 500 loading cycles with €,, = 1 X 1073,

The growth of extrusions and intrusions in constant plastic
strain amplitude cycling has been followed quantitatively using AFM.
The extrusions start to grow very early in life (0.1% Nf ). The
initial rate of extrusion growth is high, decreases later and for most

316L steel, grain 44

400 A O 0O section 1
| o ® m section2 Extrusion
0.042 nm/cycle
300 - Intrusion 1
L 0.05 nm/cycle
Intrusion 2
200 — 0.046 nm/cycle

extrusion -

100

imrusion}Z

/" intrusion 1

Extrusion height, Intrusion depth [nm]

0

0
N ~ 750

2000 4000
Number of cycles

6000

Fig. 5 Simultaneous growth of extrusions and intrusions in the grain
Oof austenitic steel at the beginning of cycling with €,, = 1 X 1073,

of the fatigue life the stabilized value 2.5 X 10~ m/cycle in cycling
with constant plastic strain amplitude 2 X 102 is reached [10].
The growth of intrusions can be measured using plastic replica
technique. Only early stages of intrusion formation could be doc-
umented since intrusions are very thin and deep and plastic replica
reproduces their shape only when their depth is less than 0.5 um,
exceptionally up to 1 wm. Figure 4 shows the AFM image of the
plastic replica of a grain of 316L steel cycled with plastic strain
amplitude €,, = 1 X 1073 for 500 cycles (1.1 % N;). Four PSMs
denoted A, B, C, D are present. An intrusion starts growing at one
side of an extrusion C while extrusions in all PSMs are already
well developed. The first signs of this intrusion were detected at
350 cycles (0.8 % N). Figure 5 shows the height of an extrusion
and the depth of parallel intrusions accompanying the extrusion
early in fatigue life. The plot and also more detailed observations
[10] reveal that while the extrusions start very early in fatigue life
the intrusions appear and start to grow after some lag (~ 350
cycles in this grain). In most cases the rate of intrusion growth is
much higher than that of the extrusion. This could be connected
with the fact that intrusions are much thinner than extrusions.

Similar observations on the shape and the growth of extru-
sions and intrusions were made on ferritic stainless steel. Figure 6
shows the AFM image of one grain of ferritic stainless steel cycled
with g, = 2 X 103 for 9 000 cycles (close to N;). Figure 6a shows
the image of the metallic surface and Fig. 6b the image of the
plastic replica. While only extrusions seem to be detected in Fig.
6a, Fig. 6b shows both extrusions and parallel intrusions. The vari-
ation of the extrusion height and intrusion depth along PSMs is
higher than in austenitic steel. Therefore for the quantitative mea-
surement of extrusion growth in ferritic stainless steel the mean
integral height of extrusions was evaluated [11]. Also in ferritic
steel the initial growth rate of extrusions is higher and stabilizes
later for most of the fatigue life.

4. Discussion

Experimental data on the dislocation structure of PSBs and
on the details of the surface relief simultaneously with the knowl-
edge of the dislocation motion and interactions in metallic materials
allow us to specify the mechanisms leading to the early formation of

KOMUNIKACIE / COMMUNICATIONS 4/2006 - 7
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15pum

Fig. 6 AFM images showing the surface relief of individual PSMs in a grain of ferritic steel taken on the metallic specimen (a)
and on the plastic replica (b); €,, = 2 X 1073, N = 9 000.

the surface damage in the form of PSMs. Fig. 7 shows schemati-
cally the dislocation arrangement of a PSB. It consists of alternat-

’/_ surface
N =~ 1
/ = “
’ ladder-like
/ /_ 4 structure
[ i
——1
/ -
/N //’ b = a/2 [T01]
’/% 1,5:( f _
(121) plane

(111) primary plane
Fig. 7 Schematic picture showing dislocation structure of a PSB.

ing dislocation walls composed from edge dipoles and multipoles
alternating with dislocation free channels. Dislocation loops are
emitted from the walls and expand in the primary slip plane without
obstruction into the neighbor channel. When reaching the opposite
wall the edge segment is built in the neighbor wall in the multipole
configuration. The screw parts move apart carrying the majority of
the local plastic strain until they annihilate by cross slip with a screw
dislocation segment on a parallel plane moving in the opposite
direction. This deformation mechanism can result only in random
relief formation. To account for the extrusion and intrusion for-
mation some redistribution of matter must be considered.

Point defect models of fatigue crack initiation predict the for-
mation of extrusions and/or intrusions. Formation of point defects
in cyclic straining has been proved experimentally [12]. Essmann
et al. [13] (EGM model) consider the formation of unit dipoles,
i.e. rows of vacancies or interstitials by encountering two opposite
edge dislocations on a neighbor planes or by the motion of a non-
conservative jog on a screw dislocation. Due to lower formation

energy vacancy production prevails. Only a static extrusion whose
height is proportional to the saturated vacancy concentration was
considered in EGM model [13]. Polak’s model [14] extends the
EGM model by considering the migration of vacancies from the
PSB to the matrix. The reversed migration of the atoms from the
matrix to the PSB leads to an accumulation of matter in a PSB.
The compression stresses are relaxed by plastic straining and result
in a steady growth of an extrusion in agreement with experiment.
In the areas, where vacancies are annihilated in the matrix, i.e.
mostly at the boundary between the matrix and PSB, the matter is
missing and intrusions arise and steadily deepen.

The vacancy production rate p(e,,) depends on the local
plastic strain amplitude €,,. The net vacancy production rate is
reduced by two processes: (i) the sweeping and annihilation of
vacancies by moving dislocation loops (ii) the migration of vacan-
cies from the PSB to the matrix i.e.

de

ﬁ=1)(€ap) = A+ M) (D
where A is the relative annihilation rate of vacancies (fraction of
vacancy concentration annihilated in one cycle) mostly due to
encounter with moving edge dislocations and M(T) is the vacancy
migration rate characterizing the flow of vacancies out of the PSB
to the matrix (fraction of vacancy concentration leaving the
PSB/matrix boundary). The relative annihilation rate A4 is inde-
pendent of temperature but the vacancy migration rate M(T) is
strongly temperature dependent and is determined by the vacancy
diffusion coefficient and geometrical parameters, e.g. thickness of
the PSB.

Vacancy concentration will be obtained by integrating eq. (1)

C=ATMD [1 — exp(—=(4 + M(T))N] (2)

Saturated vacancy concentration cg = p/(A+M(T)) in PSB will
be achieved for each temperature. The flow of atoms from the
matrix to the PSB is equal to the net flow of vacancies from PSB
to the matrix in saturation. The steady growth rate of the extrusion
height dh/dN is thus

8 + KOMUNIKACIE / COMMUNICATIONS 4/2006
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dN dN PSB—matrix A+ M(T))
where /is the depth of the PSB bellow the surface. The growth rate
of the extrusion is proportional to the vacancy production rate
and depends on the fraction of vacancies annihilated athermally
and by migration to the matrix. Migration rate is proportional to
the jump frequency and is given by the term exp(—E,,/kT) where
k is Boltzmann constant and E,, vacancy migration energy. The
shape and the depth of intrusions depend on the arrangement of
edge dislocations in the matrix.

The production of vacancies in PSB and their migration to the
matrix has been modeled in two dimensions using the Monte Carlo
method [15]. The growth of extra-vacancy concentration has been
obtained. The width of a growing extrusion is the same as the
width of a PSB while two thin and deep intrusions are produced
at the boundary between the PSB and the matrix. After the initial
delay, corresponding to the formation of saturated vacancy con-
centration, a linear growth of extrusion and two parallel intrusions
is observed. Intrusion represents a very sharp notch and irreversible
cyclic straining leads to the formation of new surfaces and thus to
crack initiation.
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6. Conclusions

The analysis of experimental results on the early fatigue damage
in polycrystalline f.cc. and b.c.c. steels and the comparison with
physically based models lead to the following conclusions:

(i) Localization of the cyclic plastic strain results in the early
formation of PSBs.

(ii) PSBs have specific dislocation structure consisting of
alternating thin dislocation rich walls and wide dislocation free
channels.

(iii) Intensive cyclic plastic straining within the PSB leads to
the dislocation interaction and vacancy formation and finally
PSMs consisting of an extrusion and parallel intrusions arise on
the surface.

(iv) Surface intrusions represent high stress and strain raisers
and cyclic plastic strain within PSB is concentrated to the tip of
the intrusions and usually one intrusion changes into a crack
capable of further growth.
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Jifi Kunz - Jan Siegl - Ivan Nedbal *

QUANTITATIVE FRACTOGRAPHY - WELL SPRING OF INTIMATE
KNOWLEDGE IN FATIGUE CRACK GROWTH HISTORY

Quantitative fractography of fatigued structure parts can offer very useful and valuable information on the fatigue process. One of main
contribution of this experimental method is a detailed description of fatigue crack growth in time and in space. The fractographic reconstitu-
tion of fatigue process history is conditioned by the existence and detectability of a fractographic feature characteristics of which is correlated
with the fatigue crack growth rate. In the paper presented, three various fractographic features are used for the fractographic reconstitution -
striations (in the case of constant amplitude loading), beach marks (for simple program loading) and special inserted fracture marks (for
complex program loading). All three methods described are illustrated on case studies, all from the area of testing and development of aircraft

structure parts.

1. Introduce

Since long ago, the application of engineering materials has
been accompanied by failures of structural parts, tools and other
things which are made of them. Prevention of the failures the
many of which have been catastrophic is conditioned by the devel-
opment of effective failure analysis methods. The cost of failure
analysis may exceed the value of the fractured part, but the cost of
service failures usually far exceeds the cost of failure analysis [1].
For these purposes, fractography is undoubtedly the most effec-
tual experimental method; it provides insights into the fracture
process that are not accessible by any other means. Topography of
fracture surface created by a growing crack is a result of interaction
between material microstructure and service conditions, especially
character of loading, temperature, environment etc. [2]. Information
on a failure process is encoded in the fracture morphology. Main
tasks of fractography is to decode this information, i.e., to find
a correlation between identified fracture morphological features and
corresponding physical processes which originated these features.
Each fractographic features can be characterized by a set of qual-
itative and/or quantitative parameters. Qualitative parameters give
fundamental information dealing with the fracture character (static
or fatigue, brittle or ductile, transgranular or intergranular etc.).
Quantitative parameters are measurable characteristics of fracture
surface, e.g., the area percentage of the particular fractographic
feature, its size (e.g., ductile dimple diameter, striation spacing, and
cleavage facet size), local crack growth direction etc. A typical
feature of current fractography is an effort to increase the mass of
quantitative data supplying better and deeper understanding of the
fracture processes and an integration of the experimental results
with the theoretical knowledge of fracture mechanics.

Primary cause of a major part of all fractures in practice is
material fatigue. One of the main contributions of quantitative
fractography is the reconstitution of fatigue process history, i.e.,
setting of dependence of crack length (or other variable express-

* Jifi Kunz, Jan Siegl, Ivan Nedbal

ing the failure extent) on the number of cycles (or on the other
time related variable, e.g., service time, number of flights, etc.). The
reconstitution is conditioned by the existence and detectability of
a fractographic feature, some quantitative characteristic of which is
corre- lated with the fatigue crack growth rate.

2. Reconstitution of fatigue crack growth based
on striation spacing measurements

The most suitable fractographic features for a detailed descrip-
tion of fatigue crack growth are striations. If it is possible to dis-
tinguish individual striations and to measure their spacing, then the
reconstitution of the fatigue process can be done very thoroughly,
even cycle by cycle. The methods of this fractographic reconstitu-
tion developed at our department are described in detail in [3-5].
Results of the microfractographic measuring by means of a scanning
electron microscope are usually presented in the form of dependence
of the striation spacing (denoted s) on the crack length (denoted
a), i.e., s = s(a). Next processing of the experimental data set (s;,
a;),i=1,2, ...k, consists of two steps:

a) Transformation from a micro volume into a macro volume, i.e.,
conversion of the striation spacing (giving the information about
the fatigue crack growth rate in the micro volume) into the
macroscopic crack growth rate which is crucial quantity for
the evaluation of fatigue life and loading capacity of the fati-
gued body.

b) Transformation of the dependence on the space coordinate
(i.e., on the crack length «) into the functionality on a time-
dependent variables expressing the service time (e.g., number
of loading cycles N).

The decisive problem of the first step is the relation between
striation spacing s and the macroscopic crack growth rate v = da/dN
[5]. These two variables are not generally identical; the equality

Department of Materials, Faculty of Nuclear Sciences and Physical Engineering, Czech Technical University in Prague, Trojanova 13,

120 00 Prague 2, Czech Republic, E-mail: jiri.kunz@fjfi.cvut.cz
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v = s is valid only under special conditions depending namely on
the stress and strain field around the crack tip, temperature etc.
The ratio D = v/s is a function of the stress intensity factor range

AK and it can vary within several orders (approximately, 1073 <

<D< 101); it is influenced by the following phenomena:

1) discontinuous propagation of a fatigue crack front both in time
and space, or in other words, existence of the so called “idle
cycles”,

2) deviation of local directions of a fatigue crack growth from
a macroscopic one,

3) synergy of striation formation micromechanism with other ones,
e.g., ductile dimple fracture, inter crystalline decohesion, quasi
cleavage, etc.

The relation between striation spacing and the macroscopic
crack growth rate D must be a priori known or experimentally
determined. For practical application of the suggested reconstitu-
tion technique, preferably the form D = D(s) (i.e., D-factor as
a function of striation spacing s) making possible to use a simple
fundamental equation

ay da

N, = f —+N,, )
: a; D(s) - s(a)

where the number of cycles N, corresponds to the given crack

length a,, and (N,, g;) is a priori known or determined couple of

corresponding data, e.g., the total elapsed number of cycles, and

crack length corresponding to the boundary between fatigue and

final fracture.

An application of the method mentioned will be illustrated on
the following case study: During the full-scale fatigue test, a model
specimen of a wing spar of a small transport airplane was loaded
by cyclic four-point bending with a constant amplitude [7]. The
thin web plate was riveted to the L-profile flange plates. All the
main structural components were made of AlCu4Mgl alloy type
2124. The fatigue test was finished after N = 117 500 applied loading
cycles.

The fatigue cracks under study initiated in the hole of rivets
connecting the spar web and the lower flange plate. The critical
area is presented in Fig.l. During the full-scale test, the crack
propagating upwards in the spar web was optically monitored. In
the first period of the test, when the flange plate covered the crack

Fig. 1. Detail of critical area of wing spar - the studied fatigue crack in
the spar web initiated on the rivet hole. The first period is covered by the
lower flange plate.
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(see Fig.1), direct observation was impossible. This reason results
in the fact that optical information on the crack growth in the web
was available only in the last 42% of the test duration.

After the residual strength test and dismantling the tested wing
spar, fracture surfaces were observed by means of a binocular light
and scanning electron microscope. The limited set of macroscopic
data on the fatigue crack propagation was completed by fracto-
graphic results [8]. Initiation of the fatigue crack in the rivet hole
was of a multiple character. Regardless of the crack length, stria-
tions were a typical microfractographic feature. Striation spacing
s was measured and presented as a function of the crack length a,
where a is the distance of micro-area under study and rivet hole
axis.

3.0
g FATIGUE CRACK IN WING SPAR WEB
|
25 F —
—_>
£
) -8~ striation spacing
» 8
20 s —A— macroscopic crack growth rate
2=
£
§ S
™
[ 3
15 s g
§¢
%
10 @
]
3
05
3 crack length a [mm]
0.0 . . . . . | . . .

0 10 20 30 40 50 60 70 80 90 100
Fig. 2. Striation spacing and macroscopic crack growth rate
vs. crack length.

In Fig. 2, the microfractographic data s = s(a) are compared
with macroscopic crack growth rates v = v(a) corresponding to
the results of the direct optical monitoring. This comparison is in
accordance with general experience [5] - in the range of the
middle crack length, equation v = s may be approximately accept-
able, while for longer cracks, inequality v > s is obvious.

Microfractographic data set (s;, a;), i = 1, 2, ..., k, was used
for the reconstitution of the fatigue crack growth process history.
Precision and exactness of the reconstitution results strongly depend
on the volume and quality of input information. The fractographic
reconstitution of the fatigue crack growth in the spar web was
based on the knowledge of the empirical relation D = D(s)

0.1108

D(s) = 1.797 - 10 ————+
(s) (79.55 — 5)2%

for (0.09 < s < 4.74) um, 2)

determined by our previous laboratory experiments of similar Al-
alloy [5]. The results obtained are in a very good agreement with
the macroscopic data - see Fig. 3.

For comparison, the results of the fractographic reconstitution
based on a widely used but usually not verified assumption v = s,
i.e. D = 1, are presented in the same graph; in this case, the agree-
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Fig. 3. Comparison of fractographic reconstitution of fatigue crack
growth curve with macroscopic data.

ment of the reconstitution results with the macroscopic data is
very poor (Fig. 3). In the both cases of fractographic reconstitu-
tion, the couple of data Nf: 117 500 and ar= 98.5 mm corre-
sponding to the fatigue test termination, was used as the “initial
condition” in the relation (1). Growth of the fatigue crack under
study in the area inaccessible to a routine visual monitoring was
also obtained by means of this fractographic reconstitution.

3. Fractographic Reconstitution of Fatigue Crack
Growth under Simple Program Spectrum Loading

In the case of program loading spectrum, e.g., flight simulation
loading, the reconstitution of a fatigue crack growth is based on
a fractographic identification of morphological features created
by specific inherent part of the spectrum (e.g., gust cycle, the most
severe flight etc.). Spacing between two neighboring beach marks
is equal to a crack length increment during the corresponding
loading block. If the beach marks are readable and their spacing
is measurable, neither marking nor special modification of original
loading spectrum is needful. In this case, there is no trouble with
the relation between a microscopic and macroscopic crack growth
rate. The application of this method for fractographic reconstitu-
tion of a fatigue crack growth in aircraft structure parts is pre-
sented, e.g., in [9, 10].

In addition to the crack growth rate, observation of beach
marks has been giving information on the crack front shape and

PC

16 PC P 16 PC P 16 PC
PB PB PB

Fig. 4. Loading program used in full-scale test of
L 410 UVP aircraft wing.

its changes in time and space. On this base, two dimensional descrip-
tion of fatigue degradation of a body cross section is possible.

1S 162 -~
1S 146~
115130 -

Fatigue Crack Front Position
As a Function
of Number of Program Cycles

115114 -
15098

FLIGHT
DIRECTION

143627
1 mm

Fig. 5. Fractographic reconstitution q/:faliéue process in wing beam
(loading program PB = 16 PC + P - see Fig. 4).

As an example, in the full-scale test of transport aircraft wing,
the loading program block (PB) consists of 16 program cycles
(PC) simulating 16 flights and one severe cycle (P) simulating the
gust 6.8 m/s, was applied - see Fig.4 [11],[12]. The program block
consists of 193 various cycles. Periodically repeated gust cycles
resulted in microscopically detectable beach marks on fracture
surfaces of the fatigued wing parts. The distance between two neigh-
boring beach marks represents the fatigue crack increment during
the one PB. The beach mark spacing s, as a function of fatigue
crack length a was obtained by means of the quantitative fracto-
graphic analysis. On the base of the s, = s,(a) relation, position
and shape of the fatigue crack front in time (i.e., as a function of
the overall applied number of program cycles) was determined -
e.g., see Fig. 5.

4. Fractographic Reconstitution of Fatigue Crack
Growth Based on Fracture Marking by Special
Cycles Inserted into the Complex Program Loading
Spectrum

In the case of real structures tested under the complex loading
spectrum (i.e., flight by flight, random etc.), a sophisticated method
of fatigue fracture marking has to be applied. As an example,
a full-scale fatigue test of the main beam of fighter body will be
given [ 13]. Service conditions were simulated by means of a flight-
by-flight loading spectrum. The applied complex loading spectrum
consists of many cycles with a very different amplitude. This fact
disables fractographic reconstitution of the fatigue crack process
based on the striation spacing measurements. Therefore, special
coded marking loading blocks were applied in the test. One marking
set consists of 12 different marks symbols of which are given in
the table in Fig. 6.

The symbols used are similar to Morse code: the “dot” consists
of 100 constant amplitude cycles, the “dash” consists of the same
800 cycles. Individual “dots” and “dashes” were separated by
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Fig. 6. Fractographic reconstitution of fatigue crack growth in a main beam based on the coded fracture marking introduced during the full-scale
test of the fighter body. Results are presented as a function of SFH number.

a special cycle with a higher stress amplitude. In one marking set
there is no problem with identifying individual marks; therefore,
each mark differs from each other and thus it is unequivocal. Even
in the case of difficulty with direct identification of some mark,
there is a possibility to use a second level of information, i.e., to
define it more precisely by means of identification of the neighbour-
ing (i.e., the last before and next after) marks because the sequence
of the individual marks is constant and known. The same marking
set is repeatedly applied during the full-scale fatigue test.

The results of fractographic analysis of the main beam frac-
ture are summarized in Fig. 6, where a two-dimensional descrip-
tion of fatigue process as a function of simulated flying hours

(SFH) is presented. Both fatigue cracks under study initiated on
the screw hole. The detailed fractographic analysis revealed the
shape and position of the fatigue crack fronts corresponding to
individual marks applied during the full-scale test in the time inter-
val between 65 105 and 95 536 SFH. Examples of fractographic
mark No. 1 on the fracture surface are presented in microfracto-
graph in Fig. 7.

5. Conclusions

Methods of fractographic reconstitution of a fatigue crack
growth are very useful especially in the failure analysis of struc-
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Fig. 7. Microfractograph of mark No.l on the fighter main
beam fracture.

tural components fatigued during the full scale tests or service.
Methods of fractographic reconstitution are illustrated on three

case studies focused on the area of aircraft structure testing and
developments. In the first case, a model specimen of the aircraft
wing spar was loaded at a constant stress amplitude and fracto-
graphic reconstitution was based on the striation spacing measure-
ments. In the second one, during a full-scale test of the transport
aircraft wing, the simple program block consists of 16 program
cycles simulating 16 flights and one severe cycle simulating the
gust was applied. Periodically repeated gust cycles resulted in beach
marks on the fracture surfaces; fractographic reconstitution was
based on the measuring of a beach mark spacing. In the third case
study, the main beam of the fighter fuselage was tested under
a complex (flight by flight) loading spectrum. In this fatigue test,
special coded marking loading blocks were applied and fractographic
reconstitution was based on the identification of corresponding
marks on the fracture surface.

The results obtained represent a very reliable output to describe
the fatigue process in time and/or in space, i.e., the invaluable
information often unattainable by any other means.

This research has been supported by project MSM6840770021
“Diagnostic of Materials’.
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THERMAL AND MECHANICAL FATIGUE IN A QE22 MAGNESIUM
ALLOY REINFORCED WITH SHORT SAFFIL FIBRES

Using non-destructive methods changes in the microstructure of QE22 metal matrix composites (MMC) due to thermal and mechanical
cycling have been investigated. Thermal stresses induced in composites due to a considerable difference between thermal expansion coefficients
of the matrix and ceramic reinforcement may create new dislocations on cooling from elevated to ambient temperature. Thermal stresses can
achieve the yield stress of the matrix and micro-glide of newly created dislocations as well as their annihilation can occur. Thermodynamic

processes in the matrix influence these effects.

Keywords: Metal matrix composites, Squeeze casting, Dislocations, Internal friction, Acoustic properties, Thermal properties

1. Introduction

Commercial magnesium alloy QE22 was derived from Mg-
RE-Zr alloys by the addition of silver, which improves mechanical
properties of the alloy. Good creep resistance is attributed to both
the strengthening effect of precipitates and the presence of the grain
boundary phases that reduce the grain boundary sliding. Ageing
causes precipitation within the grains. The precipitation process
depends on silver content [1]. If the silver content is less than
2 wt.%, the precipitation process appears to be similar to that occur-
ring in Mg-RE alloys, i.e. it starts with the GP zones (Mg-Nd,
coherent) and finishes with Mg,Nd incoherent precipitates. For
higher amounts of silver two independent precipitation processes
have been reported; both started with Mg-Nd GP zones, rod-like
or ellipsoidal, and leading ultimately to the formation of an equi-
librium phase of probable composition Mg;,Nd,Ag [2]. A consid-
erable improvement of the mechanical properties as well as the
thermal stability of the alloy can be achieved by the reinforcement
by ceramic fibres. Magnesium matrix composites possess good wear
resistance, enhanced strength, good damping capacity and creep
resistance and they keep low density and good machinability
[3-5]. Benefits of the fibre reinforcement can be powered by pre-
cipitation hardening. Enhanced mechanical properties of commer-
cial Mg-Ag-Nd-Zr alloy reinforced by short Saffil fibres have been
reported elsewhere [3,6]. A difference between thermal expansion
coefficients (CTEs) of the matrix and the reinforcement is a very
important factor in composites with a metallic matrix. The coef-
ficient of thermal expansion of a ceramic reinforcement is lower
than that of most metallic matrices. This means that when a com-
posite is subjected to temperature changes, thermal stresses arise at
the interfaces between the matrix and the reinforcements. Thermal
stresses resulting from a thermal mismatch can generally be
expressed in the following form

ors = f(Cr;)) Aa AT, (D

* Zuzanka Trojanova, Pavel Luka¢

where f(C,r;) is a function of the elastic constants, C, and geo-
metrical parameters r,, A« is the difference in value of the thermal
expansion coefficient of the two components and AT is the temper-
ature change. The thermal stresses may relax and new dislocations
are generated in the matrix. Therefore, there is a higher dislocation
density in the matrix, especially near the interfaces. This high matrix
dislocation density as well as the reinforcement/matrix interfaces
can provide a high diffusivity path in metal matrix composites
(MMC). The higher dislocation density would also affect precipi-
tation kinetics in a precipitation hardenable matrix.

The aim of the present paper is to investigate QE22 magnesium
alloy reinforced with 8-Al,05 (Saffil) submitted to thermal and
mechanical loading and to determine possible physical and ther-
modynamic processes occurring in the matrix. Non-destructive
methods are used in this study.

2. Experimental procedures
2.1 Material

Composites were prepared by squeeze casting. Commercial
QE22 alloy (nominal composition 2.5 wt.% Ag, 2 wt.% Nd rich Rare
Earth, 0.6 wt.% Zr, balance Mg) was used as the matrix material.
The alloy was reinforced with 6-Al,O; short fibres (Saffil®) with
a mean diameter of 3 um and a mean length about 87 um (mea-
sured after squeeze casting). The preforms consisting of the Al,0,
short fibres showing a planar isotropic fibre distribution and a binder
system (containing Al,O; and starch) were preheated to a tem-
perature of 1000 °C that is higher than the temperature of the melt
alloy and then inserted into a preheated die. The two-stage appli-
cation of the pressure resulted in MMCs with a fibre volume frac-
tion of 17.5 vol. %. The pressure required to force the melt into the
die with the preform was 50 MPa for 30 s in the first step and 130
MPa for 90 s in the second step. The second step closes pores and

Department of Metal Physics, Faculty of Mathematics and Physics, Charles University, Ke Karlovu 5, 12116 Praha 2, Czech Republic.
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shrinkage cavities. The short time of contact between the liquid
alloy and the fibres leads to only slight reactions between the fibres
and the matrix.

2.2 Damping measurements

Damping measurements were carried out on bending beams
(80 mm long with thickness of 3 mm) in vacuum (about 30 Pa) at
ambient temperature. The damping was obtained by the measure-
ment of the logarithmic decrement of free decaying bending beam
vibrations in an apparatus described elsewhere [7]. The bending
beams fixed at one end and a permanent magnet attached at the
free end dipping into a coil system were contactlessly excited to
mechanical resonance of their fundamental vibration (clamped-
free-bar with end loading) by an alternating magnetic field. This
was realised by a closed feedback loop consisting of an excitation
coil, an induction coil and a power AC amplifier. The free decay-
ing vibration was determined via the effective alternating voltage
induced by the moving permanent magnet into the induction coil.
After reaching a certain (required) amplitude, the coil current was
switched off by a PC and the declining mechanical vibration was
stored in the PC via an ADC measuring the voltage induced by the
moving permanent magnet [7,8]. Using these data, the logarithmic
decrement 6 of the free vibration was determined by the PC accord-
ing to exponential law

A(t) = Ay exp(—81/7). (2

In Eq.(2), 4, is the required amplitude, ¢ is time and 7 is the
period of vibrations.

2.3 Cycling of samples

Fatigue was realised by the controlled bending loading of the
bending beam samples in the same apparatus as used for the
damping measurements controlling the amplitude and number of
vibrations. The samples were cycled for a certain time at a prede-
fined amplitude. From the time and resonant frequency, the number
of cycles was calculated. Immediately after cycling, the strain ampli-
tude dependence of the decrement was measured. The resonant
frequency of the system ranged from 71 to 73 Hz. The sample
was cycled up to fracture, which was reached at N = 2.19 X 10®
cycles.

3 Experimental results and discussion
3.1 Thermal cycling

For many metallic materials, the strain dependence of the
damping capacity can be divided into a strain independent and
a strain dependent component. In the case of the logarithmic decre-

ment, this experimental finding can be written as:

8= 25, + 8y (e). (3)

0, is the amplitude independent component, found at low ampli-
tudes. The component &, depends on the strain amplitude € and
is usually caused by dislocation vibration in the material.

Figure 1a shows the plots of the logarithmic decrement against
the logarithm of the strain amplitude for QE22+17.5vol.% Saffil
composite before and after thermal cycling between the room tem-
perature and increasing upper temperature up to 320 °C. Figure
1b shows the plots obtained at higher upper temperatures (320,
360 and 400 °C). From Figs. 1a and 1b, it can be seen that the strain
dependences of the logarithmic decrement exhibit two regions in
good accord with Eq. (3). The values of §, in the strain amplitude
dependent region increase very strongly with increasing upper
temperature of the cycle up to 360 °C and then, above 360 °C, the
values of §, (at given strain amplitudes) decrease with the upper
temperature. The critical strain €, at which the logarithmic decre-
ment becomes amplitude dependent may be used to calculate the
effective critical stress amplitude corresponding to the micro-yield
stress according to the equation

o,=Fe, (4)

where E is Young’s modulus.
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Fig. 1 (a) Amplitude dependence of decrement for QE22+17.5 vol.%
Saffil obtained after thermal cycling between room temperature and
various upper temperatures (up to 320 °C).

The experimental data indicate microstructure changes in
specimens. An increase of internal stresses due to the difference in
CTE is very probably responsible for these changes. The internal
stresses produced by thermal loading of composites can be reduced
by various relaxation mechanisms: creation of new dislocations
and their glide, by decohesion or sliding of the matrix/reinforce-
ment interface, by diffusion of solute atoms in the matrix. It is
expected that the dislocation density near the reinforcements is
significantly higher than that elsewhere inside of the matrix. The
dislocations formed during cooling from an elevated temperature
to a certain lower temperature can glide inducing plastic defor-
mation in the matrix. An increase in the dislocation density near
reinforcement fibres has been calculated as [9, 10]
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Fig. 1 (b) Amplitude dependence of decrement for QE22+17.5 vol.%
Saffil obtained after thermal cycling between room temperatures and
upper temperatures 320, 360 and 400 °C.
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bl—p d

where f is the volume fraction of the reinforcing phase, d is its
minimum size, b is the magnitude of the Burgers vector of dislo-
cations and B is a geometrical constant. From Eq. (5) it follows
that the dislocation density increases as the temperature difference
increases. The residual thermal stresses are developed within the
matrix during cooling. As QE22 matrix becomes softer with tem-
perature, the internal thermal stresses in the matrix can exceed
the matrix yield stress. Then, new dislocations are formed, they
can glide and the matrix deforms. Highly strained zones, plastic
zones, are formed. The zones with higher dislocation density are
adjacent to reinforcements.

(%)

The strain amplitude dependence of the logarithmic decre-
ment suggests dislocation unpinning processes. The differences in
the damping behaviour of specimens thermally cycled to various
upper temperatures can be attributed to the interaction between
dislocations and point defects (solute atoms) including small clus-
ters of foreign atoms and to changes in the dislocation density.

The strong strain dependence of the logarithmic decrement
for QE22/Al,0; composite specimens shown in Fig. 1 may be
explained using the Granato-Luecke theory of the dislocation
damping. In the Granato-Luecke theory [11, 12] the dislocation
structure is assumed to consist of segments of L, length along which
weak pinning points are randomly distributed. The mean distance
between two weak pinning points is €, with €« L. The ends of the
longer segments L, are assumed to be unbreakable (strong) pinning
points. The mean total density of dislocations is p. The periodic
stress o = o0y, sinwt is applied. At 7= 0, the dislocation loop is
able to breakaway from the weak pinning points only at a suffi-
ciently high stress. The stress necessary for breakaway of disloca-
tions is determined by the largest double loop in a segment and it
is strongly dependent on the statistic distribution of the pinning
points. With increasing temperature (for 77> 0 K), the stress is
decreased because the breakaway process is thermally activated
[13]. At higher temperatures the breakaway can occur at lower
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stresses than possible for double loop. However, higher activation
energies are required because the breakaway is simultaneous from
several neighbouring weak pinning points. At higher temperatures
and low frequencies approximation, the stress dependence of the
logarithmic decrement component & can be expressed as [13]

5 pLy v [3mkT\'? [ Gad\V?
76 w\ 20, U,G

4 U, (UG\" 1 .
I\ A o )

where G is the shear modulus, oy, is the amplitude of the applied
stress and w is its frequency, v is the dislocation frequency, U, is
the activation energy, k is the Boltzmann constant. With increas-
ing upper temperature of the thermal cycle the decrement compo-
nent §;, increases, too. The observed behaviour may be explained
if we consider that (a) during cooling and also during thermal
cycling, new dislocations are created due to the difference in the
CTE and/or (b) new pinning points on existing dislocations may
be formed by thermodynamic processes in the matrix that can
modify the number of free foreign atoms or their small clusters.
Kiehn et al. [14] investigated the microstructure of QE22 with 26
vol.% Saffil fibres after the annealing step by step at increasing
temperature using transmission electron microscopy. They observed
incoherent matrix particles containing Zr, Nd and Al. During
annealing step by step, the population of particles at the fibres did
not change, but new (ALMg,,)Nd cubic particles precipitate
between 120 and 180 °C appeared. Above 180 °C, the hexagonal
B-phase and/or tetragonal Mg;,Nd substitute the former cubic
phase. Between 240 and 300°C the -phase transforms into semi-
coherent tetragonal Mg;,Nd, too. Kiehn et al. [ 14] have estimated
that ceramic fibres and the reaction products of the inorganic
binder (containing Al,O5) in the preform enhanced the Al con-
centration due to decomposition in the QE22 matrix. Contrary to
the unreinforced alloy, Ag remains dissolved in the matrix of the
composite and does not take part in the precipitation process. The
main weak pinning points seem to be the solute atoms or their
small clusters.
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Fig. 2 Dependence of the C, parameter on upper temperature of
thermal cycle.
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The obtained experimental data may be analysed using Eq.
(6) in the form 6 = §, + C,eexp(—C,/€). The values of C, para-
meter are plotted against the temperature of thermal treatment in
Fig. 2. The C, parameter is proportional C, % € 23 and, hence,
the experimental results indicate that the mean distance between
the weak pinning point increases with increasing temperature. This
is reasonable because the dislocation density increases and the
number of solute atoms (cluster) forming weak pinning points is
constant. The C, parameter is practically constant at temperatures
between 200 and 300 °C and then it slightly increases. This tem-
perature variation of C, may be explained if the observations of
Kiehn et al. [14] are taken into account. The plot of the C; para-
meter against the thermal treatment temperature is given in Fig. 3.

250
200 o -
150 - -
© 100 - ]
50 -
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0 50 100 150 200 250 300 350 400
temperature (°C)

Fig. 3 Dependence of the C, parameter on upper temperature of
thermal cycle.

The stress that is necessary for a thermal breakaway of dislo-
cation loops o at a certain temperature is given by [13]

kT
or= O'M[l - (71 lnA)}, (6)

A:ﬂ@(’CT)z ®)

o), is assumed to be the breakaway stress in the pure mechanical
process. For a double loop with the loop length €, and ¢,, the
breakaway occurs under the stress

2F,

m

TR v

Here F,, is the maximum binding force between a dislocation
and a pinning point. U, = 4/3(F,}/®)"?, where ® is a constant.
All experiments were performed at ambient temperature; it is rea-
sonable to consider that the influence of the thermal activation is,
in the first approximation, the same. After thermal treatment,
shorter dislocation segments (the mean distance between weak
pinning points) become longer because of the enhanced dislocation
density due to temperature cycling and due to the lower number
of solute atoms. Then, the critical strain according to Eqgs. (4) and

(9) that is indirect proportional to £ should decrease with increas-
ing upper temperature of the cycle. It is observed experimentally
(Fig. 1); the critical strain €,, decreases with increasing upper tem-
perature of the cycle. This tendency is stopped at a temperature of
360 °C where the decrement component 8, decreases. The critical
strain becomes higher, which corresponds to the shorter disloca-
tion loops. Thermal stresses produced near the matrix/ceramic
fibre interfaces are accommodated by the formation of plastic
zones. The dislocation density can increase only up to the moment
when the plastic zones formed in the matrix begin to overlap. Con-
sequently, the dislocation loops formed in the vicinity of the
matrix/fibre interfaces have the opposite sign on the both sides of
the fibre. It should be mentioned that the yield stress in the matrix
at higher temperatures is lower than the internal stresses and, at
temperatures higher than 360 °C, the thermal tensile stresses
change to compression ones.

3. 2 Mechanical cycling

The logarithmic decrements measured for a sample without
prior mechanical cycling and for a sample after 4320 cycles are
plotted against the maximum strain € of the bending amplitude in
Fig. 4. It is evident that the values of the logarithmic decrement
(at selected strain amplitudes) in the sample after 4320 cycles are
lower than those for the samples without mechanical cycling. It
can be seen that the strain amplitude dependence of the logarith-
mic decrement can be expressed as a sum of two components, the
same as the equation (3), i.e.

8= 8+ dy(e). 3)

0.010 77— T T —

0.008 - E
2]
‘GEJ e N=0
£ 0.006 1 O N=4.32x10° -
S S &
3 e® oo

0.004 - o ® o E

o ® o 0O
O [m] m]
0.002 +—=——— T T —
104 103
amplitude ¢

Fig. 4 Amplitude dependences of the logarithmic decrement for as recei-
ved sample and after 4.32 X 10° cycles.

It is again assumed that dislocations are pinned by strong and
weak pinning points. The mean distance between the strong pinning
points is Ly and the mean distance between two weak pinning
points is €, with € « L. It is also assumed that the mean total dis-
location density is p and that the periodic stress is applied. The
logarithmic decrement in the strain amplitude independent region
at low frequencies yields
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TwB,

6 =
0~ 3667 P

04, (10)

where B, is the damping force per unit length of dislocation per
unit velocity.

The stress (strain) dependence of the decrement component
&y can be expressed by equation (6). The microstructure changes
in the composite samples upon mechanical cyclic loading are pri-
marily induced by plastic deformation in the matrix [15].

The logarithmic decrement estimated at the strain amplitude
€ =13 X 1074 depends on the number of cycles as shown in
Fig. 5. It can be seen that after a decrease in the logarithmic decre-
ment at the onset of the cycling process, the decrement is more or
less constant with some fluctuation between 107 and 10® cycles.
Cycling for N > 10® leads to an increase of the decrement (Fig.
5). The amplitude dependences of the logarithmic decrement
component 6, measured between 1.88 X 10* and 2.19 X 10% cycles

0.006 T———————————
0.0051 ¢ =1.3x10" D
o
£0.004 - g8 -
2 1 oo E%
(]
5 0.003 - 0L ogf BO A
©
0.002 - - .
0-001 T T T T T T T T

10° 10" 102 10% 10* 105 108 107 108 10°
number of cycles

Fig. 5 Variation of the logarithmic decrement at €y = 1.3 X 10~* with
the number of cycles.
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Fig. 6 Amplitude dependences of the logarithmic decrement for
increasing number of cycles (at higher cycles).
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are shown in Fig. 6. It can be seen that the decrement significantly
increases with increasing number of cycles in the amplitude
dependent part. This indicates a rapid increase of the dislocation
density and also an increase in the distance between the weak
pinning points (shorter dislocation segments) in the matrix. This
increase of the decrement, on the other hand, is accompanied by
a decrease of the resonant frequency (see Fig. 7). The comparison
of our results with a similar investigation of magnesium alloy

72.6 ® :
72.4 o o ;
72.2 1 ;

72.0 ° _

resonanat frequency [Hz]

718 T T T T T T

0.0121 5, (1x10%)=5-3, o
£ 0.010 - ]
0.008 - '

0.006 - .

decrement &
O
O

0.004 + | 1
Op o O O o
0.002 T T T T T T

16 1.7 18 19 20 21 22 23
number of cycles x 107

Fig. 7 Variation of the sample resonant frequency and decrement with
the number of cycles. Decrement component &y is estimated at
a maximum strain amplitude of 1 X 1073,

Fig. 8 Fibres pullout at the fracture surface.
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AZ91 reinforced with 15 vol.% of short Saffil fibres [16] indicates
that there is a substantial difference between the cycling loading
behaviour of composites with AZ91 and QE22 matrix. While in
the AZ91 composite cracks are formed during the cycling
bending, such cracks were not observed in the composite with
QE22 matrix [17]. We believe that this is due to the existence of
the brittle intermetallic phase Mg,,Al,, in the AZ91 alloy as well
as in its composite. Small cracks are formed in this phase. Similar
cracks were observed during thermal and mechanical loading of
the AZ91 alloy [8,16]. The higher plasticity of the QE22 alloy
without a brittle phase is very probably the reason for different
fatigue behaviour of the QE22/Al,0; composite. Plastic deforma-
tion is accumulated in the matrix. The observed decrease of the
damping at the onset of the cycling process (see Fig. 5) is very
probably caused by a decrease of the mobile dislocation density.
Dislocation segments are inactive due to dislocation-dislocation
interaction. The measured decrease of the resonant frequency at
the end of the fatigue process indicates a stiffness loss due to
cracks and maybe also by an increase of the number of bowable
or moveable dislocations as a function of cycling. A rapid increase
in the amplitude dependent component of the decrement at the
end of the sample life is due to rapid nucleation or growth of
cracks and a resulting strong local increase in the free dislocation
density. Newly created dislocations at cracks tips accommodate
these stresses. The dislocations can be also absorbed by interfaces.
Crack deflection along an interface is followed by the separation
of the fibre/matrix interface. The pull out of fibres was observed
at the fracture surface. Holes after fibres are visible in Fig. 8. No
fibre fracture was observed.

References

4. Conclusions

The microstructure of QE22/Al,0; composites is stable up to
200 °C. From the internal friction measurements, it can be con-
cluded that changes in the microstructure occur at temperatures
above about 200 °C. These changes are very probably connected
with migration of solute atoms and precipitation processes. The
dislocation density slightly increases, which is very probably reflect-
ed by a small increase in the logarithmic decrement. Tensile inter-
nal stresses generated at temperatures higher than 220-240 °C are
high enough to invoke motion of newly formed dislocations. Thermal
cycling at temperatures higher than ~ 360 °C causes a new situa-
tion: motion and annihilation of newly formed dislocations in the
matrix under appearing compressive internal stresses leads to and
the decrease of the decrement. And accumulation of the plastic
deformation in the matrix presumably mainly due to crack nucle-
ation or growth increased the amplitude independent as well as
amplitude dependent components of the logarithmic decrement.
Pull out of fibres during fracture of the composite was observed.
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AN EFFECT OF MICROSTRUCTURE DEFECTS ON FATIGUE
RESISTANCE OF GLASS FIBRE REINFORCED POLYMER
COMPOSITES USED FOR SPRINGS OF FREIGHT VEHICLES

Fatigue properties of glass reinforced polymer (GRP) composite materials and advanced components manufactured using GRP are dis-
cussed with an emphasis on scale and microstructure effects. Results of an experimental investigation of fatigue damage mechanisms under
bending and shear cyclic loading and effects of microstructural defects resulting from an insufficient resin wet out are presented and analysed.
1t was shown that if microstructural defects are present in the component, initiation of fatigue damage is localised into these areas, resulting
in sudden, premature failure. Fatigue life can be then reduced by more than three orders in comparison with the perfect material. The pres-
ence of defects is affected particularly by properties of the constituents and moulding parameters. Suitable changes of the process parameters

resulted in a significant improvement of fatigue resistance.

1. Introduction

Characteristic properties of long fibre glass reinforced polymers
(GRP) composites like low specific weight, high strength and gen-
erally very good fatigue resistance enable one to use these materi-
als in heavy-duty light-weight structures, like aircraft components
or wind turbine blades. In additions, low E-modulus together with
internal damping and low dynamic stiffness make GRP compos-
ites suitable for the manufacture of road-friendly leaf springs and
suspensions including those for high capacity trailers and railway
freight vehicles. The low E-modulus in comparison with steel is
a very important characteristic enabling the introduction of a new
design philosophy for springs, suspensions and bogies. In case of
springs, it is possible to use just one or two leaves with stable
damping properties and other characteristics during the whole
service life. In addition, due to the low specific weight, a 60%
reduction of the whole suspension weight can be obtained by replac-
ing steel spring with composite springs with the same function.
This is particularly important because springs represent unsprung
mass. An efficient noise damping is an additional, but very impor-
tant feature of GRP materials making suspensions more environ-
mentally friendly. All these properties are the reason, why the
design and characterisation of glass fibre reinforced composites
have received recently a great amount of interest [1-3].

In comparison with metals, the use of GRP composites has
specific difficulties. Due to the material heterogenity, any change
of shape and size of a component can affect its mechanical prop-
erties and so, changes have to be experimentally verified. If process
parameters are not correctly or other characteristics of the con-
stituents like glass preforms are not perfectly maintained or incor-
rectly selected, various kinds of defects can arise, like bubbles,
voids, porosity or insufficient wet out. These defects can funda-
mentally reduce static and fatigue strength [4-5].

* Iyo Cerny', Rayner M. Mayer?, Ivan Fiirbacher'
'SVUM a.s., Areal VU 565, CZ-19011 Praha 9, Czech Republic, E-mail
2Sciotech Ltd., 9 Heathwood Close, Yateley, GU46 7TP, UK.

Fig. 1 GRP spring with new type of shackles on a new
Czech wagon during fit test

Within an on-going European research and development
EUREKA project Eurobogie, significant progress has been reached
in the field of an innovative design and manufacture of GRP
springs for railway freight vehicles to replace traditional multi-leaf
steel springs. The prototype of GRP railway spring together with
a new type of shackles Niesky I during a fit test on a new Czech
wagon is shown in Fig. 1.

To ensure the requested high reliability and safety of springs,
a large number of static and fatigue tests on components besides
a detailed material characterisation was carried out. In the paper,
results of fatigue tests of the full-scale components are described,
analysed and compared with the results obtained on small labora-
tory specimens with particular emphasis on the material microstruc-
ture and presence of defects.

: strenght@svum.cz, Ivo.Cerny@seznam.cz
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2. Experiments

Fatigue tests were performed on completely assembled two-
leaf springs. Both the leaves were made from glass fibre reinforced
polyester (Scott Bader Crystic PD9229) and manufactured by
a vacuum assisted resin transfer technology by EM Fiberglas. The
reinforcing E-glass rovings (Vetrotex P192) are assembled using
knitting machinery to form a unidirectional glass tape of constant
width (Culzean Textile Solutions). This consists of 97% glass in
the longitudinal direction and 3% in the transverse direction. The
top leaf has parabolic thickness characteristic by a constant bending
stress. The parabolic shape is achieved by cutting suitable core
layers to length. These are then heat set to produce a preform glass
tape pack. The glass fibre volume fraction of the springs is about
65 %. The total mass of the two GRP leaves is 26 kg giving a total
suspension mass of 38 kg, compared with 120 kg for the UIC 22.5
tones parabolic steel suspension. The material properties of the
unidirectional composites were measured at RIS[] National Lab-
oratory [6]. Basic mechanical properties are: bending stiffness and
strength about 35 GPa and 1000 MPa, respectively, static interlam-
inar shear strength 50 MPa. The experimental programme included
fatigue tests performed on 3PB specimens, too. All the tests carried
out in [6] were performed on specimens taken from a bottom leaf
section without defects, which was checked using ultrasonic non-
destructive testing.

Fatigue load amplitude during full-scale spring tests corre-
sponded to the recommendations of railway standard UIC 517 or
to the requirements of Czech Railways, respectively. The former
case defines the static load to correspond to the maximum static
operation loading, which is 105 kN for the 22.5 tones axle, and
load amplitude +25% of the static load. In the latter case, the
static load is the same, but load amplitude is = 30%. The requested
number of cycles to failure should not be less than one million. In
both the cases, springs have to be attached by pins going through
eye ends on carriages enabling free horizontal motion. Load fre-
quency was 1.2 Hz.

From the material point of view, the full-scale spring tests can
be evaluated as tests of single large bending specimens of the
maximum thickness 52 mm, width 115 mm and test span 1190 mm.
It was calculated that actual stress in the top leaf, if loaded sepa-
rately without the bottom leaf, corresponds almost exactly to 50%
of the loading used for the whole component within the precision
better than 2%. This calculation was also experimentally verified

[7].

An additional group of fatigue tests to study scale effects was
performed on small 3PB specimens taken and manufactured from
two randomly selected leaves, top and bottom, without any non
destructive (NDE) testing, unlike the fatigue material characteri-
sation tests in [6]. Dimensions of 3PB specimens were selected to
ensure the same type of loading as in actual leaves representing
the large specimens, namely thickness 5.2 mm and test span
120 mm. These dimensions resulted in the same ratio of bending
and interlaminar shear cyclic stresses, respectively. Width of these
specimens was 25 mm, load frequency was between 35 and 40 Hz.

3. Results and discussion

Results of all fatigue tests are summarised and mutually com-
pared in Fig. 2. There are four different groups of data: (i) full-scale
tests of complete springs evaluated and recalculated as fatigue tests
of individual top leaves representing large specimens, (ii) tests of
small 3PB specimens taken from randomly selected top and bottom
leaves without non-destructive inspection, (iii) results of fatigue
tests of small 3PB specimens cut from a bottom leaf with an
almost perfect microstructure as examined by ultrasonic method
[6], recalculated in terms of stress amplitude and (iv) two experi-
mental points of fatigue tests of GRP trailer springs made from
a similar material and by a similar process, with a good microstruc-
ture [8, 9].

600 1 + R=0.3 (RISOE-3PB)
. m R=0.5 - 3PB specimens
500 ) )
. b | TN oo . 4 R~0.6, railway spring
g 400 ) " e ¢ 5 ® R=0.24, trailer spring
= *
= *
®© e
E, 300 e =
g 200 > S2
© At AA JYVY
a A b, A A
100
0 T T
1000 10000 100000 1000000 10000000 100000000

Cycles to failure

Fig. 2 Comparison of bending fatigue tests results
of material coupons and springs

The results of fatigue tests of full-scale GRP railway springs
look to have a large scatter. Actually, it is not a scatter but a system-
atic dependence corresponding to the process of gradual improve-
ment of numerous manufacturing parameters like changes of
preform tool, preform lay-up, number and position of injection
channels in the mould, catalyst, accelerator, inhibitor, time of
vacuum operation and injection time. Unlike the first tested group
of GRP springs with fatigue life bellow 100000 cycles, when the
parameters were not optimised, and springs with just partially
optimised parameters with a medium fatigue life between 100000
and 200000 cycles, springs manufactured with quite optimum para-
meters have acceptable fatigue life of more than 1 million cycles.
However, the general potential of the excellent fatigue resistance
of GRP material still has not been fully reached.

When the first group of full-scale tests of the railway springs
was performed, premature failures bellow 100000 cycles were rather
surprising, considering the very good fatigue resistance results
obtained on small 3PB specimens tested at the RIS[] National
Laboratory. To find causes of the premature failure, detailed micro-
structure analyses of central areas of broken top leaves were
carried out. It followed from the failure mode that interlaminar
shear fatigue resistance was particularly poor as all railway springs
broke suddenly by one or two interlaminar shear cracks passing
along the length of the leaf near its neutral axis, near the centre
plane with zero bending stress but maximum shear stress. Examin-
ing the microstructure, large areas of very poor wet out were found
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in all leaves with the premature failure. An example of an insuffi-
ciently wetted area with quite large voids is in Fig. 3.

Fig. 3 Voids arisen from insufficient wet out initiating shear fatigue
cracks in resin between yarns

As regards the third group of fatigue tests, namely 3PB speci-
mens tested at SVUM a.s., taken from a top and bottom leaf,
respectively, randomly selected, not checked by NDT methods, it
is clear that most of fatigue results of this group (Fig. 2) corre-
spond quite well to the results obtained at RIS[] National Labo-
ratory on 3PB specimens with a perfect microstructure. On the
other hand, two specimens, marked S1 and S2 in Fig. 2, had a sig-
nificantly reduced fatigue life. The reason was the microstructure.
In the central areas of specimens S1 and S2, voids and poor wet
out was found, unlike the other specimens of this group, where the
microstructure was quite good. Not only fatigue life, but also failure
mode was different. Specimen S1 broke suddenly, along the central
plane of maximum shear but zero bending stress, unlike the spec-
imens with the good fatigue resistance, when failure occurred by
a gradual progressive reduction of bending stiffness (Fig. 4) con-
nected with a continuous damage development in a significant
volume of the specimen material in the area of tension stresses
(Fig. 5).
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Fig. 4 Example of continuous stiffness changes during 3PB fatigue
loading of specimens with good fatigue resistance
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Fig.5 Typical damage development in area of tensile stresses

in big material volume of 3PB specimens with good fatigue resistance

It follows from Fig.2 that fatigue resistance of the worst spec-
imen S1 corresponds almost exactly to the worst results obtained
during full-scale testing of actual springs. If a regression line par-
allel to that of 3PB specimens with a good microstructure is
drawn, passing through the S1 point, this line corresponds to the
worst results of actual spring tests. This effect can be explained by
a different probability of an occurrence of harmful voids in full-
scale leaves and in small specimens made from them, respectively.
Most of the 3PB specimens of the third group were evidently
taken from areas of the leaves with a good microstructure. Then
the fatigue life corresponded to the results obtained at RIS [6].
Just two specimens were randomly taken from areas with the
insufficient wet out. Their fatigue resistance was lower by two or
three orders in comparison with the specimens with perfect
microstructure.

As regards full-scale leaves, the probability of an occurrence
of microstructure defects is small, if the manufacturing process
allows all air to be excluded and sufficient time for all the glass fil-
aments inside the bundles (4800 tex) to be wet out. High cycle
fatigue damage of GRP composites, unlike metals, is quite a global
process, connected with gradual changes of stiffness. However, in
case of a defect occurrence, fatigue cracking starts in the weakest
points of the microstructure and is therefore strongly localised.
Then the global stiffness remains almost constant. When the fatigue
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Fig.6 Sigmoidal change of deflection typical for GRP composites with
good microstructure during fatigue test of trailer spring in bending.
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crack is locally initiated, it causes a sudden break by interlaminar
shear.

In comparison with railway springs, the fatigue resistance of
GREP trailer springs in Fig. 2 was very high. Hereat, dimensions of
the trailer springs affecting shear stresses, namely maximum thick-
ness and span distance, 58 mm and 1040 mm, respectively, were
very similar to those of railway springs. With the load range of
15-65 kN corresponding to the maximum bending stress range of
312 MPa, fatigue life was more than 1 million cycles without failure,
which is fully comparable with fatigue tests of the small 3PB spec-
imens. When the load amplitude was subsequently raised to the value
22-89 kN, corresponding to the bending stress range 420 MPa,
fatigue life was 22000 cycles to failure. This very good fatigue
resistance was connected with a different failure mode - no sudden
break, but continuous damage accumulation in a big material
volume (Fig. 6).

4. Conclusions

An experimental programme was carried out with the aim to
characterise fatigue properties of advanced leaf springs for railway
freight vehicles made from long-fibre glass reinforced polyester
composite. The programme comprised (i) bending fatigue tests of
small specimens taken from a good quality spring to characterise
the material, (ii) fatigue tests of whole springs representing large
samples and (iii) bending fatigue tests of small specimens randomly
taken from actual spring leaves, where the quality was not checked
by any NDE method. A comparison with trailer springs manufac-
tured by a similar technology within a previous project was made.
The results can be summarised as follows:

References

 Fatigue strength of the first series of full-scale railway springs
was quite poor and did not correspond to the excellent fatigue
resistance of small specimens with a good microstructure. Fatigue
life of components was lower by more than three orders.

» Most specimens randomly taken from the actually manufactured
springs of rather low quality had very good fatigue resistance,
corresponding to those specimens used for the basic fatigue
material characterisation. However, fatigue life of several speci-
mens of this group corresponded to the premature failure of the
worst group of components.

» The main reason for the insufficient fatigue life of components
was a presence of voids and bubbles resulting from an insufficient
wet out. If small specimens were taken from areas with no defects,
their fatigue life was excellent. On the contrary, small specimens
with the poor fatigue properties contained microstructural defects
as they were taken from insufficiently wetted areas.

 After improving the processing and lay up of the constituents,
fatigue resistance was significantly increased and satisfied con-
ditions of railway standards. On the other hand, a comparison
with fatigue strength of trailer springs evaluated in the past indi-
cated that there still may be additional fatigue strength to be
attained and some further improvements may be reached result-
ing in negligible differences between fatigue strength of good
specimens and full-scale components.
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CONSTRAINT ASPECTS OF THE EVALUATION OF FATIGUE
TEST RESULTS IN PARIS REGION

The growth of the fatigue crack is dependent on the crack growth resistance of the material as a bulk property. The fatigue crack growth
properties of a material are usually described by the correlation between a crack propagation rate, and a corresponding range of the stress
intensity factor (Paris-Erdogan law). Formulated modified Paris-Erdogan law estimates quantitatively the changes of the fatigue crack propa-
gation rate due to different level of constraint. In-plain constraint was described by Tstress value. The validity of the approach suggested has
been proved by the comparison of measured and calculated values of the crack propagation rate and it was found that experimental values
correspond well with those numerically predicted. The results presented makes it possible to relate experimentally measured data obtained from
specimens with different geometries and thus contribute to more reliable estimates of residual fatigue life of structures.

1. Introduction

The fatigue life of structures can be divided into two parts.
The first one corresponds to a crack initiation period and the
second one corresponds to a crack growth period until a complete
failure. Crack initiation and growth are different phenomena and
their influence on the total service life of structures depends on
many circumstances.

The fatigue life of an unnotched specimen in high cycle fatigue
regime is largely covered by the crack initiation period. The crack
growth period could almost be disregarded and often neglected.
Nevertheless there are situations where the fatigue crack propaga-
tion period plays a decisive role and has to be carefully analysed.
Let us mention two such examples. The crack initiation period
might be shorter due to the existence of stress concentrators (such
as existing cracks, notches, material discontinuities...). In this case
the fatigue crack propagation in components can start practically
even without a crack initiation period. Another category of prob-
lems connected directly with fatigue crack propagation is related
to a fatigue crack growth monitored by periodic inspections. The
purpose of the inspections is to discover fatigue cracks before they
become dangerous and to do this it is necessary to know how fast
a crack is growing in order to set timely inspection periods. In this
situation is the knowledge of the fatigue crack propagation rate of
paramount importance.

The growth of the fatigue crack is then dependent on the crack
growth resistance of the material as a bulk property. The fatigue
crack growth properties of a material are usually described by the
correlation between a crack propagation rate, da/dN, and a corre-
sponding range of the stress intensity factor AK. The correlation
is usually expressed by an empirical function based on test data.
The most popular relation between da/dN and AK can be described
by a power function (Paris-Erdogan law), see e.g. [1], [3].
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daldN = C AK™ (D

with C and the exponent m as material constants. The fact that C
and m are material parameters means that for a given material and
set of test conditions, the growth rate should depend only on AK,
i.e. the eq. (1) represents a material curve. Eq. (1) does not
account for R-effect on crack growth, neither for the asymptotic
behavior near the threshold and the final failure regions. In order
to apply eq. (1) to predict the lifetime of structures, the corre-
sponding material data, C and m, must be known. The methods
for conducting fatigue crack growth testing and evaluation of para-
meters C and m are specified in standards (e.g. ASTM E 647 [2]).
The testing can be conducted on any type of a test specimen or
structural component. Usually a compact tension specimen (CT),
center cracked tension specimen (CCT) or three point bend spec-
imen (3PB) are used for generating material da/dN data. Some
results of the fatigue crack propagation tests using several differ-
ent specimens showed significant dependence on specimen geom-
etry, e.g. [4], [8], [9]. Thus the C, m values cannot be considered
as material constants, in all cases and their values can depend on
geometry of the specimen used for their determination. This fact
makes questionable the transferability of the laboratory data to
real structural components. The aim of the contribution is to suggest
an approach how to quantify the effect of specimen geometry on
the fatigue crack propagation rate.

2. Experimental observations
The influence of the specimen geometry on the fatigue crack
propagation rate (FCPR) taken from paper [9] is presented on

Fig.1.

As aresult, the fatigue crack propagation rate was found to be
greater for CCT specimen than for the CT one. In our laboratory
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Fig.1 Effect of specimen geometry on crack behavior near threshold of
2024 aluminum alloy at R = 0.1. Taken from reference [9].

0.45% carbon steel was used for similar experiments, see Fig. 2.
The measurements are in agreement with previous authors. All
experiments were performed at the same conditions - room tem-
perature and loading stress ratio R ~ 0.1 (i.e. AK; ~ K)). The crack
length was measured optically with a resolution of 0.01 mm.

Discrepancies in the fatigue crack growth rate in the Paris
region can be explained by constraint based fracture mechanics.
In conventional one parameter fracture mechanics the stress field
around the crack tip is described by one parameter. In two para-
meter constraint based fracture mechanic the stress field is expressed
by means of the two parameters, the stress intensity factor K; and
the T-stress. The T-stress quantifies the effect of the crack tip con-
straint, which depends on the outer geometry of structure. Both
these parameters are related to the first and second term of Williams
expansion [10]. The stress field near the crack tip for a normal
mode of loading can then be expressed as

G

log da/dN

0.8 0.9 1 1.1 1.2 1.3 14 1.5
log AK

Fig. 2 Influence of the constraint on the threshold values and fatigue
crack propagation rate of 0.45% carbon steel at R = 0.1 [4].

K,
0; = mfu(o) + 79, 81_," (2)

where K is the stress intensity factor, 7 is T-stress and f; is
a known function of the polar angle 6.

The center cracked plate tension specimen (CCT) represents
geometry with negative values of the 7-stress (loss of constraint),
which is practically independent of the crack length [7]. On the
other hand the compact tension (CT) specimen corresponds to
geometry where the T-stress values are positive and depend more
significantly on the crack length [7]. Therefore, the fatigue crack
propagation rate was found to be higher for a structure with a neg-
ative value of T-stress (CCT specimen) than for a structure with
a positive value of T-stress (CT specimen).

3. Constraint based description of fatigue crack behavior

During cyclic loading the monotonic and cyclic (or reversed)
plastic zone is created ahead of the growing crack. The size and
the properties of the plastic zone are decisive for the propagation
of a fatigue crack and control its behaviour [3].

The results of finite element computations in Fig.3 show that
for the same value of K; (we assumed the normal mode of loading
only), the crack tip plastic zone size and shape are different for
different values of the T-stress. Typically, a negative value of the 7-
stress, T < 0, causes enlargement of the plastic zone as compared
to the case where T = 0. Moreover, for plane strain conditions,
the plastic zone is rotated to the region ahead of the crack tip for
negative values of 7. The size of the plastic zone decreases for pos-
itive values of the T-stress, but the dependence is not so pronounced.
Note that 7= 0 corresponds to the assumptions of one parame-
ter fracture mechanics.
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Fig.3 Dependence of the size and shape of the crack tip plastic zone
on the Tstress value (a) plane stress conditions (b) plane strain
conditions.

Accepting the assumption that the size of the plastic zone is
dominant for the propagation of a fatigue crack, it is possible to
estimate quantitatively the changes of the fatigue crack propaga-
tion rate due to different constraint level [4].

20 + KOMUNIKACIE / COMMUNICATIONS 4/2006



Under small scale yielding (SSY) conditions there is a single
valued relation between the size of the plastic zone at the crack tip
and the value of the corresponding stress intensity factor control-
ling the fatigue crack propagation rate. Following this, one of the
parameter, say Sp = Sp(K;), which characterizes the area of the
plastic zone, can be used as the controlling variable. Paris law can
be then rewritten as a function of S in the form:

o S \"
da/dN=C(a'0 Wé)) , 3)

where W(v) is a known function of the Poisson ratio v. Under the
framework of one parameter linear-elastic fracture mechanics, equa-
tions (1) and (3) are equivalent. The assumption of a unique rela-
tionship between da/dN vs. K;independent of the geometry and the
fact that the area of the plastic zone depends on the geometry of
the specimen are contradictory. If the constraint expressed by the
T=stress influences the size of the plastic zone, it may also influ-
ence the fatigue crack propagation rate da/dN, and the da/dN vs.
AK curve may depend on the geometry of the specimen. Thus eq.
(3) considers the effect of the stress field at the tip of the crack,
including the non-singular 7-term, on the fatigue crack propaga-
tion rate.

The influence of the T-stress on the size of the plastic zone
S,(K, T) was assessed using a modified boundary layer analysis, see,
e.g., [5]. As a result of the numerical simulations, it can be seen
that the relation between S,(K, T) and S,?(K, T = 0) depends on
the hardening coefficient n only very slightly and can be expressed
in the form:

S(K, T) = MT/a)* S,(K, T = 0), 4)

where

(2 ~eelie) o0
MTlop) =1—=085(— | +0.52|— | — 03—, (5
Ty J9 09

Using the Paris-Erdogan equation (1) and (5) we get the fol-
lowing form:

daldN = C [MT]a,)]™ K™ (6)

Eq. (6) represents a modified form of the Paris-Erdogan equa-
tion and makes it possible to account the constraint effect on the
fatigue crack propagation rate. C and m are material constants
obtained for conditions corresponding to 7 = 0. The value of the
T-stress in (5) represents the level of constraint corresponding to
the given specimen geometry. Eq. (6) can be expressed in the form
corresponding to standard Paris - Erdogan equation.

daldN = C* (K)", (7

where C* = C, [M(T]oy)]™. 1t follows from eq.(7) that da/dN vs.
K; curves corresponding to different specimens geometry with dif-
ferent values of T-stress create a set of parallel straight lines on
a log-log scale. This corresponds to experimental results presented
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in the paper. The “constraint based” material parameter C* can be
expressed in form:

C*=C[1—-085{— | +052(— ) — 03— ], (8)
0y 0y 0y

where C° is the experimentally obtained material constant for
(T = 0), T'is a T-stress and o, is a yield stress of controlled struc-
ture.

4. Conclusions

The influence of in-plane constraint on the propagation rate
of the fatigue crack in the Paris region has been investigated. After
assumption that the size of the plastic zone is dominant for the
propagation of the fatigue crack modified Paris-Erdogan equation
has been introduced. The results of the paper can be summarized
in the following way:

The effect of the specimen geometry on the relationship between
the propagation rate of a fatigue crack and the range of the stress
intensity factor amplitude might make questionable the unique-
ness of the da/dN vs. AK curve for different geometries, which is
essential if laboratory data are to be transferred to engineering
applications.

Formulated modified Paris-Erdogan law estimates quantita-
tively the changes of the fatigue crack propagation rate due to dif-
ferent level of constraint. In-plain constraint was described by
T-stress value. The validity of the approach suggested has been
proved by the comparison of measured and calculated values of
the crack propagation rate and it was found that experimental
values correspond well with those numerically predicted.

Under small scale yielding conditions, the specimens with
negative values of the 7-stress exhibit a higher fatigue crack prop-
agation rate than the specimens with positive values of 7-stress at
the same value of stress intensity factor range AK. It was found
that, depending on the material properties, geometry and loading
of the specimen difference in da/dN due to constraint can reach
100 % for extreme values of 7, see egs. (5, 6).

To overcome problems connected with influence of the spec-
imen geometry on the fatigue crack propagation rate and to
increase the reliability of the transferability of basic fatigue crack
propagation data from laboratory specimen to engineering struc-
tures, the level of constraint of the specimen and the structure
should be the same. If the constraint levels are different it is nec-
essary to use eq. (8) and recalculate the value of C parameter in
Paris law.
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COMPARISON OF A NEW EQUATION DESCRIBING FATIGUE
CRACK GROWTH CURVES WITH THE NASGRO EQUATION

The so-called NASGRO equation allows a very good description of fatigue crack growth curves, i.e. the dependence of crack length increase
per one fatigue cycle da/dN on the stress intensity factor range AK. In 1999 the first author of this paper published quite similar equation,
which written for given loading cycle asymmetry with positive stress ratio R contains the same parameters having similar meaning as in the
NASGRO equation. In most cases studied by the authors this equation leads to a better fit than the NASGRO equation, above all when the
experimental curve contains relatively long Paris straight line and/or relatively sharp bend from this line to the threshold stress intensity factor
range. The generalization of the NASGRO equation for various values of stress ratio R was made in a quite complicated way. The new equa-
tion was generalized using the Walker model based on the relation AK(R) = AK(0)(1 — R)™" which is valid also for threshold value AK,,
but not for critical stress intensity K. being a constant independent of R. Then the shift of the growth curves with the change of R ratio is
described only by one parameter m (0 < m < 1) both for positive and for negative values of R. It means that the crack closure models are
very important for explanation and deep study of fatigue crack growth mainly in negative R region but play no crucial role in a phenomeno-

logical description of the growth in the case of short-term tests in non-aggressive media.

1. Introduction

The NASGRO is a commercial complex of very sophisticated
and deeply developed computer programs covering all necessary
procedures dealing with the growth of long fatigue cracks, includ-
ing extensive database of experimentally determined fatigue crack
growth curves for various structural materials. Some of the parts
of the NASGRO program are freely accessible as a demoversion
including reference manual [ 1]. Here so-called NASGRO equation
can be found, which describes fatigue crack growth curves, i.e. the
dependence of crack length increase per one fatigue cycle da/dN
on stress intensity factor range AK. For special case of repeating
tension (i.e. for stress intensity parameter R = 0) it can be written
in the form

ﬂA = CAK" AK 1
_ (AK) = i )
K

It contains six parameters: C and n are connected with the
Paris straight line, AK,, is threshold stress intensity factor range,
K. is critical stress intensity, and p, g are exponents describing the
bends of the curve from the Paris straight line to AK,, and K,
respectively.

* Jan Kohout, Stanislav Véchet?, Vojtéch Hruby®

In 1999 one of authors of this contribution published an equa-
tion for the description of fatigue crack growth curves [2] which
can be rewritten into the form

AK,, \’

da N AK
N (AK) = CAK . (2)

(]
1 — —_
KC

This form is very similar to the NASGRO equation and
includes the same parameters having nearly the same meaning as in
the NASGRO equation. Both equations describe all three regions
of a fatigue crack growth curve: region I - initiation, region II -
stable propagation, and region III - unstable fracture. The equa-
tions (1) and (2) are written in very useful forms in which the
description of single regions is separated: the term before the frac-
tion describes the Paris straight line (if the log-log fit is consid-
ered) typical for the stable propagation region, the numerator of
the fraction describes the bend of a curve in the initiation region
to the threshold stress intensity factor range, and the denominator
of the fraction describes the region of unstable fracture where the
growth rate increases over all limits. These special forms of the
equations can be used as a building kit, because they allow simple
adjustment for the cases when only two of all three regions are
covered with experimental results and thus only the terms corre-
sponding to the mentioned regions are included into the equa-
tions. E.g., the equations only for regions II and III are
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4 AK) = CAK" da. AK) = CAK"
dN(K)— or dN(K)—

1
| AK\?
K,
For various values of parameter R the NASGRO equation is
written in the form [1]

1 —fR)
1-R

da "

—(AK,R) =C AK"

aN AK q
1 -

K(1-R)

where fAR) = K,,/K,,.,. is crack opening function generally expressed

by a polynomial of R with rather complicated coefficients. Only in

special cases it is the linear function of R or directly equals to R

(see [1]). Generalization of Eq. (2) was based on the Walker

approach [3]. Walker introduced so-called effective value of stress
intensity factor range AK given by the relation

AK = K, (1 = R) = AK(1 = R)” " )

from which the stress intensity factor range AK for various values
of parameter R can be recalculated according to the relation

AK(R) = AK(0)(1 — R)” " = AK(0)(1 — R)™ (6)

The exponents y and m used in the recalculations can gain
values between 0 and 1. The generalization of Eq. (2) for various
loading cycle asymmetry can be made replacing AK = AK(0) by
the term AK(R) = AK(1 — R)™ " with the exception of the denom-
inator of the fraction where AK must be replaced by K. =
= AK/(1 — R) similarly to the generalization of the NASGRO
equation (unstable fracture appears when the maximum stress inten-
sity K,,,, increases close to the critical stress intensity K.). The
threshold stress intensity factor range AK,,, = AK,,(0) for R = 0
and critical stress intensity Kc are independent of R and therefore
they remain without any change. Thus the following equation

AK,o(1 — R)” T

AK } 1_[ AK

(1-R)" AR ]
ED

was obtained, see [2]. Considering the rather complicated expres-
sion of f{R) function, this equation is considerably simpler than
the corresponding NASGRO equation (4). On the other hand,
Eq. (4) could have a little wider ability to fit various courses of
fatigue crack growth curves.

da
d—N(AK, R)=C %)

The curves of fatigue crack growth are usually plotted in a log-
log coordinates in which the Paris-Erdogan equation is presented
as a straight line. In one curve the crack growth rate changes by
many orders (up to 10° times or even more) and it is usually deter-
mined with approximately constant variation (i.e. relative uncer-

| AK'\
K.

1
3)

tainty). For this reason it is better to use not crack growth rate but
its logarithm in regression.

2. Comparison of both equations for given loading cycle
asymmetry

Egs (1) and (2) should be compared with respect to their
ability to fit real experimentally measured fatigue crack growth
curves. For comparison of Eqs (1) and (2) the curve published in
[1] (Fig. 14 on p. 27) was used. The results of regression are pre-
sented in Fig. 1. Both regression curves are nearly indistinguish-
able in the interval of stress intensity factor range covered by the
results of experimental measurements. The sum of squares of devi-
ations for the NASGRO equation is higher by 5.3 % than for the
new equation. It means that Eq. (2) is more suitable for regression
but in fact this difference is not conclusive. A more substantial dif-
ference between both curves appears to be above the interval of the
stress intensity factor range covered by the experimental results
where the curves substantially diverge. This divergence can be pre-
sented by the values of critical stress intensity K, determined by
regression, i.e. (75.8 * 48.6) MPam'/? and (60.2 * 6.2) MPam'/?
using Eq. (1) and Eq. (2), respectively. The standard deviations of
K. values differ by an order, which is a very conclusive argument.
It can be concluded that the extrapolation behaviour of the new
equation is substantially better than that one of the NASGRO
equation.
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Fig. 1 Fatigue crack growth curve from [1] fitted using Eqs (1) and (2)

3. New equation for various loading cycle asymmetries

Direct comparison of Eqs (4) and (7) describing the fatigue
crack growth curves for different loading cycle asymmetries is dif-
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ficult just to the complexity of f(R) function. Therefore, only the
ability of Eq. (7) to fit the curves for different R will be verified.
For this reason, the curves for the values of loading cycle asym-
metry parameter R = 0.1 and 0.5 published by Forman and Hu
[4] were used. The result of regression is presented in Fig. 2. It
can be seen that the experimental points are successfully fitted by
the curves and their shift can be described by the only parame-
ter m = (0.52 £ 0.03).

10“‘§ . : —
10%

10° |

da/dN [m/cycle]
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5 6 78910 20 30 40
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Fig. 2 Fatigue crack growth curves for different R values from [4] fitted
using Eq. (7)

Validity of Eq. (7) can be questionable mainly in the case of
negative values of loading cycle asymmetry parameter R when the
closure of fatigue crack plays a crucial role. Fig. 3, presenting fatigue
crack growth curves determined for values R = 0, —0.43, —1,
and —2.33 by Klesnil and Lukas [5, 6], however shows that the
Walker approach expressed by Eq. (6) is very well applicable also
for negative R values. For regression shown in Fig. 3 Eq. (7) was
used in its simplified form

d—aAKR—C L"—AK" 8
WAK R = G T a0 (8)

which can be obtained from Eq. (7) using following simplifica-
tions: (i) the region III of unstable fraction is not considered
(denominator in Eq. (7) is not used) and (ii) the equality n = p is
considered. For R = 0 Eq. (8) is identical with the Klesnil-Lukas
equation [7], which was originally derived for R = —1 and the
stress intensity factor amplitude K. The fit based on Eq. (8) is
presented in Fig. 3 by the dashed lines.

4. Exchange of variables in regression

The fatigue crack growth curve covering the whole interval of
stress intensity factor range has two asymptotes AK = AK,,(R)
and AK = K (1 — R). The consequence of these vertical asymptotes
is that AK,,(R) must be less than all values of AK and K (1 — R)
has to be greater than all values of AK. It means that, e.g., the
minimum value of AK has unacceptably strong influence on AK,,(R)
while the influence of all others can be negligible. This unpleasant
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feature of the da/dN = f (AK) regression can be avoided by the
exchange of variables leading to the AK = /'~ (da/dN) regression.
In the case of Eq. (8) the inverse function can be simply expressed
in the form

da | 1 da n
AK| E,R =(1—-R Eﬁ-i—AK;’hO . 9)

The fit based on Eq. (9) is presented in Fig. 3 by the full lines.
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Fig. 3 Fatigue crack growth curves for different R values from [5, 6]
fitted using Eqs (8) and (9)

Generally, however the inverse function is not always possible
to express explicitly (see, e.g., Eqs (1), (2), (4), and (7)). Then,
the inverse function should be calculated numerically using, e.g.,
the Newton method or the regula falsi method which can be simply
implemented into a regression procedure. Unfortunately, some of
the simple regression procedures use only explicitly expressible
regression functions as a standard and implicitly given functions
cannot be used or substantial complications are connected with
their application. The comparison of regressions using the regres-
sion function da/dN = f (AK), see Eq. (7), and corresponding
inverse function AK = f~(da/dN) is shown in Fig. 4 for the same
set of experimental data as shown in Fig. 1. The regula falsi method
was used for numerical calculation of inverse function because in
comparison with the Newton method the derivative of the primary
function is not required. Again, as the values of the stress intensity
factor range change by more than one order and they are usually
determined with an approximately constant variation, the loga-
rithm of AK should be used in regression.

The difference between the curves in Fig. 4 is evident near the
asymptotes, especially in the region of unstable fracture. From the
point of view of regression the AK = £~ '(da/dN) fit is a little
better (so-called corrected index of determination is equal to 0.9854
in this case compared with 0.9843 for the primary function).
Unfortunately, the measurements were not performed sufficiently
close to the upper asymptote and in such case the underestimation
of K, value is impending for the inverse function, cf. K, = (50.8 *
+ 4.2) MPa m'? with K. =(60.2 = 6.2) MPa m'/? obtained for
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the primary function. On the other hand, the accuracy in AK,,
value determination is substantially decreased when the inverse
function is used for regression (cf. AK,, = (5.22 = 0.39) MPa m'?
for the inverse function and AK,, = (5.11 = 0.03) MPa m"/? for
the primary function in light of standard deviations).
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Fig. 4 Fatigue crack growth curves from [1] fitted using primary and
inverse function, see Eq. (7)

5. Discussion

New equations for fit of fatigue crack growth curves, i.e. Eq.
(2) for a given loading cycle asymmetry and Eq. (7) for various
loading cycle asymmetries, cannot be compared with the NASGRO
complex of computer programs, only with the NASGRO equations
themselves. With regard to the fitting ability the new equations
mostly led to slightly lower sum of squares in comparison with the
NASGRO equation, at least in not very large set of growth curves
studied up to now. It seems that the new functions can fit better
the bends between the Paris straight line and vertical asymptotes.
It is probably the reason why the new functions have better extrap-
olation behaviour.

The new equations can be used also for negative values of
loading cycle asymmetry parameter, when the closure of fatigue
crack appears. It means that the closure effects are not important
for a phenomenological description of fatigue crack growth curves,
their role is crucial only when the mechanisms of crack growth at
crack closure are studied or modelled. On the other hand, the new
equations cannot be probably used when the loaded sample is
exposed in aggressive media or when long interruptions of loading
are applied, but in such cases also the NASGRO equations can
hardly be used universally.

The new and the NASGRO equations describing fatigue crack
growth can be compared also from the viewpoint of standard devi-
ations of the regression parameters. The parameter deviations cor-
responding to the new equations are mostly lower than deviations
corresponding to the NASGRO equations. The only exception are

parameters p and ¢ describing the bends between the Paris straight
line and asymptotes whose deviations are generally high. As an
example of comparison the values of slope n of the Paris straight
line in Fig. 1 were evaluated as follows: (3.09 = 0.38) and (2.20 =
+ 0.64) for the new and the NASGRO functions, respectively.
This slope can also be determined in Fig. 1 graphically (using
a tangent to the curve in the point of inflexion) with the result
n = 3.1. It is apparent that n parameter of the new function cor-
responds very well to the slope of the Paris straight line. Similar
conclusion cannot be however drawn for n parameter of the
NASGRO function. It seems to be the most important advantage
of the new function.

Parameter C in all equations describing the growth rate da/dN
represents an extrapolated value of this rate for AK = 1 MPa m'/?
on the Paris straight line characterized by the Paris-Erdogan power
law da/dN = CAK". For most materials the value of 1 MPa m'/?
lies rather far from the interval covered by experimental points
and therefore parameter C is determined with a high standard
deviation. Also in the case of parameter C the standard deviation
corresponding to the NASGRO equation is higher than the devi-
ation corresponding to the new equation. The modification of the
Paris-Erdogan equation in the form

da A AK \"

N =G AK,
enables a substantial decrease of the standard deviation of para-
meter C, by a suitable choice of constant AK,, (C, = C for AK,, =
= 1 MPa m'’?) but also illusory correlation between parameters
C and n discussed, e.g., in papers [8, 9] disappears. For the curve
presented in Fig. 1 the lowest variation of parameter C; (i.e. the
quotient of standard deviation and average value) 10.21 % was
obtained for AK, = 9.68 MPa m'/? in the case of the new func-
tion and 22.21 % for AK,~ 8.60 MPa m"? in the case of the
NASGRO function. Generally, for usual metal materials the value
AK, =~ 10 MPa m"/? can be recommended. The suitable value of
AK, chosen from the interval of stress intensity factor range
covered by experimental points decreases not only the variation of
parameter C, but also the corresponding covariance coefficients,
which simplifies non-linear regression calculations (at least it
decreases the number of necessary iterations).

(10)

Existence of vertical asymptotes can lead to abnormal fits
especially when the dispersion of experimental points closely to
the asymptotes is larger. This problem can be solved by exchang-
ing the variables (independent —— dependent). The inversion func-
tion can be explicitly written only for simplified equations; in
other cases the numerical calculation of inverse function has to
be implemented into a regression procedure using iterative numer-
ical methods, e.g., using the Newton method or the regula falsi
method. Derivative of the primary function necessary for the
Newton method can be performed analytically (it is rather com-
plicated for Eq. (7)) or calculated numerically when the choice of
step length is important.

The application of the inverse function is useful when the dis-
persion of experimental points close to the asymptotes is large.
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On the other hand, when the bend between the Paris straight line
and the K (1 — R) asymptote is not sufficiently covered with exper-
imental points, the K, value determined from regression using the
inverse function can underestimate the real K. value. Therefore,
the choice between the primary and inverse functions should be
performed responsibly and individually in each individual case.

Non-linear regression can be performed also using MS Excel
software, which is part of Microsoft Office accessible in the major-
ity of PCs all over the world. For this reason the Solver application
is allocated, which contains a very effective minimization proce-
dure giving directly the values of regression parameters. Standard
deviations and regression using the numerically calculated inverse
function are not directly available but they can be programmed
using the Visual Basic implemented in MS Excel.

6. Conclusions

1. The new equations (for given loading cycle asymmetry as well
as for various asymmetries) allow a slightly better fit of measured
fatigue crack growth curves than the corresponding NASGRO
equations. They have also better so-called extrapolation
behaviour.
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2. Parameter n in the new function is numerically equal to the
slope of the Paris straight line. It is not valid for parameter n
in the NASGRO function.

3. The shift of the curves with changing loading cycle asymmetry
can be described by the single parameter m with values from
the interval (0, 1). This Walker approach is successful for
positive as well as for negative values of loading cycle asymmetry
parameter R (probably only for non-aggressive media). It
means that crack closure effects are not too important for
a purely phenomenological description of fatigue crack growth
curves.

4. In the case of large dispersion of experimental data close to
asymptotes an abnormal fit can be obtained. In this case the
exchange of variables can lead to a better fit.
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INFLUENCE OF TECHNOLOGICAL FACTORS ON FATIGUE

PROPERTIES OF STEEL SHEETS

Treatment technology can influence the fatigue process positively or negatively. The paper analyzes the influence of cold levelling of strips
Jrom coils of steel grade E 700 TS (R, = 700 MPa) on the fatigue crack initiation and the fatigue limit under one-sided bending (R = 0.1).
It indicates a positive effect on the above-mentioned characteristics if strips are loaded under one-sided bending from the side where residual

compressive stress is formed during levelling.

By blasting a sheet made of steel grade 11 375.1, the fatigue limit under symmetrical flat bending was increased due to the hardening and
formation of residual compressive stress. The paper also indicates risks connected with blasting, influencing the fatigue life.
Key words: Internal stress, steel sheets, levelling, blasting, mechanical properties, fatigue limit.

1. Introduction

The steel fatigue process is a function of a great number of
external and internal factors, and their superposition significantly
changes the fatigue resistance of material. The internal factors
mainly include the structural state of material, which is given by the
chemical composition and production technology of a product [1,
2, 11]. The relationship between the structure and mechanical
properties have attracted a great attention, and the yield point R,,
at which macroscopic plastic deformation takes place, is often
considered as a macroscopic characteristic of the structure |3, 4].
From the practical point of view, the fatigue limit of steels is
expressed using the yield point or the tensile stress of material,
o = k.R,,, while the material constant k usually decreases with
the growing steel strength, i.e., generally said, it is again a function
of the steel structure [2, 5].

The treatment technology of a product usually results in
a change of the properties given by the original structure of steel.
During the cold levelling of strips from coils, on the upper side of
the coil tensile stress and on the lower side compressive stress are
formed, which significantly influence the initiation of fatigue damage
and hence the service life of a product [6, 7]. During the surface
treatment of a steel strip by blasting, compressive stress is also
formed in the surface layer and tensile stress below this layer,
while the deformation hardening of the surface layer and a change
of the surface roughness take place. Some of the mentioned changes
of the state decelerate (compressive stress, strain hardening) and
others accelerate (increased roughness, tension stress below the
strain-hardened layer) the fatigue process [8, 9]. It results from
the above-mentioned that from the viewpoint of the fatigue life it
is necessary to utilize their favourable effect in the production
technology.

The paper aims to analyse the influence of residual stress
after the cold levelling of steel strips, as well as the influence of

blasting on the fatigue life, since flat products are mainly loaded
by variable loading, during which material fatigue takes place.

2. Experiments and their analysis

Residual stress influences the fatigue properties of steel strips
with higher yield points more intensively. Therefore the experi-
ments were carried out on a strip, 8 mm thick, made of microal-
loyed steel E 7000TS. The surface treatment by blasting is usually
carried out on steel sheets with higher plasticity, and for experi-
ments was used 3 mm thick steel sheet made of 11 375.1 steel.

The structure of the microalloyed steel strip (C = 0.08%,
Mn = 1.80%, Si = 0.41%, Al = 0.016%, Mo = 0.16%, Nb = 0.46%,
Ti =0.16%, V = 0.012%, Zr = 0.057% - wt.%) after controlled
rolling is non-polyedric, formed by acicular ferrite, bainite and pre-
cipitates of microalloying elements. The structure of the steel strip
made of 11 375.1 steel was ferritic-pearlitic, with the ferrite grain
size of cca 0.012 mm, corresponding to the carbon content of
0.15%. The basic mechanical properties of the tested sheets are
shown in Tab. 1.

Basic mechanical properties of tested steel strips Table 1.
Steel Thickness R, R, As
[mm] [MPa] [MPa] [%]
E 7000TS 8 703 832 20.4
11 375.1 3 208 400 32.0

* Marian Bur$ak', Otakar Bokiivka®

After the cold levelling of the coil, residual tensile stress is
formed on the upper side of the strip and residual compressive
stress is formed on its lower side, as shown in Fig. 1. Using the ten-
sometric residual stress measuring method, stress in the amount
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of cca 120 MPa was measured in the depth of 0.5 mm on the
upper side of the strip and cca 70 MPa in the depth of 4 mm [10].
Test samples were taken from the strips in the rolling direction
and notched test bars were made for fatigue tests (Fig. 2). The
influence of residual stress on the fatigue crack initiation and the
fatigue limit was tested under one-sided bending, with the asym-
metry coefficient R = 0.1.

R
‘ Tension + Side A
b }
Compression - 0 R Side B

Fig. I Distribution of residual stress o after levelling a coil
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Fig. 2 Fatigue test bars made of E 700 TS steel strip

Test samples were taken in the rolling direction from the
strips made of 11 375.1 steel and test bars were made for fatigue
bending tests (Fig. 3). Some of these test bars were blasted on all
the sides with steel granulate with the size of 0.9 mm under the
impact angle of 75° and the pressure of 0.5 MPa. The result of
blasting was surface strain hardening to the depth of 0.05 mm,
while the microhardness close to the surface (0.01 mm) increased
by 45 HV 0.01, when compared with the hardness of the basic
material. Because of the thickness of the hardened layer, the X-ray
diffraction method was used to determine residual stress in this
layer. Using this method it was found out that before blasting the
sample had tension stress on the surface (cca 79 MPa) and after
blasting it had residual compressive stress of as many as 293 MPa.
The blasting resulted in an increased roughness of the test bars. The
ground test bars had the mean arithmetic deviation R, = 0.27 um
and the highest profile height R. = 1.56 um, and the blasted test
bars had R, = 9 um and R, = 45 um. Such prepared test bars

.:J B
log
t 7
el é
l 30 I
90

Fig. 3 Fatigue test bars made of 11 375.1 steel strip
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were fatigue-tested under flat bending with the symmetric cycle
(R=-1).

The results of the fatigue crack initiation and growth tests on
notched bars (Fig. 2) are shown in Fig. 4. The bars were loaded
under one-sided bending, with the upper stress levels from 700 to
550 MPa. The documented results indicate that when the test bar
was loaded under one-sided bending on the upper side (designa-
tion A), the crack initiation period was significantly shorter com-
paring to the test bar loaded on the lower side (designation B).
For example, at the stress of 700 MPa a crack 1 mm long is
formed under loading on the side A after 54.000 cycles and on the
side B after 107.000 cycles. This indicates an adverse effect of
residual tension stress on the fatigue crack initiation.

8 -
—e_700B

7 ..m---650 B
E 6 T! —4-600B
E *_ i —-e..550B
=5 — —e—700A7?—*
2, J- I ..o..650A
= : ' __ o _600A 4
=< 3 : # |
[} K I L4
8 2 %T f 1 /'I

a
At L
0 Dﬁ' Af ‘ ‘
0 10° 2.10° 310° 4.10°

Number of cycles [N]

Fig. 4 Fatigue crack growth dependence on the number of cycles in
E 700 TS steel at the stress of 700, 650, 600 and 550 MPa.
A - Bending on the upper strip side, B - Bending on the lower strip side

Residual stress also influences the fatigue limit values, simi-
larly as the fatigue crack initiation. Fig. 5 presents Wohler curves,
obtained on notched bars under one-sided bending on the upper

800

700 G
NN

= 600
W N
2 500 08 __
S o
@ 4o | ©L-sideB ‘.
o L, side A |
300 b ® T, side B
o T, side B
200 l
10* 10° 10° 107

Number of cycles [N]

Fig. 5 Wohler curves of E 700 TS steel for notched bars under one-sided
bending (R = 0.1), L - rolling direction, T - transversal direction, A -
Bending on the upper strip side, B - Bending on the lower strip side
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side (A) and the lower side (B). The number of cycles to failure in
the oblique section of the curve, as well as the value of the fatigue
limit under bending o, for 7.10° cycles, are lower in case of
loading the bars on the upper side of the strip (A). The orienta-
tion of the bar with regard to the rolling direction has also a slight
effect. The values of the fatigue limit under bending are lower in
the transversal direction (T) than in the rolling (longitudinal)
direction (L). This is, besides the structure, also caused by differ-
ent values of residual stress in the L and T directions; residual
stress is lower in the T direction. These facts could be utilized in
practice, for example in the manufacture of flat products and their
expected loading (containers, vehicles, etc.).

The experimental results of the influence of the blasted layer
on the fatigue properties of the tested steel sheet are shown as
Wohler curves in Fig. 6. The fatigue limit of the blasted bars
(0, = =196 MPa) is higher than the fatigue limit of the ground
bars (o, = =176 MPa) by 11%, which generally applies in the
area of the time fatigue limit under bending. The above-mentioned
indicates a clear positive effect of blasting on the fatigue proper-
ties, which is a result of strain hardening and residual compressive
stress in the blasted layer.

280
. |
# Grinded
__ 260 A = Blasted —
g‘: \ 4 Unbroken
2 240 AN x Unbroken __|
A 3 |
2 e, y =-14,524Ln(x) + 412,96
v 220 AN R’=0,8458 ... blasted
St
) * -
& 00 \ \
= ’ AN
$ o S
N,
180 1- y = -21,909Ln(x) + 489,38 y
R'=0,8091 ... grinded Nt
160 l
10* 10° 10° 10 10°

Number of cycles [N]
Fig. 6 Wohler curves of steel grade 11 375.1 under flat bending
(R=-1)

The analysis of the distribution of residual stress in the blasted
layer (Fig. 7) also indicates certain risks, arising from the positive
influence of blasting on the fatigue properties. Below the strain-
hardened layer, residual tension stress is formed, which negatively
influences the fatigue properties. Significantly increased surface
roughness has also an adverse effect. In case of overloading (Fig.
6 at 260 MPa), the favourable effect of blasting is lost and French
defect band of the blasted bars is obviously extended, which may
result in a fatigue fracture at a lower stress than the experimentally
determined o, of the blasted bars.

Another risk of the decrease of fatigue resistance of blasted
bars is shown by the results of the o-N relationship, processed using
non-linear regression, which also takes into account fatigue tests
where the test bar did not fail [11]. Such results processed as the
o-N relationship are shown in Fig. 8. The fatigue limits at 107
cycles are comparable with the results obtained from Wohler curve

Compression
Plastic deformed

area .
Tension

Fig. 7 Scheme of distribution of residual stress after blasting
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Fig. 8. Wohler curves of 11 375.1 steel under flat bending, determined
by non-linear regression analysis

(Fig. 6). For the ground bars o= *178 £ 3 MPa, and for the
blasted bars o= =192 = 3 MPa. It results from Fig. 8 that in
the ground bars at 10 cycles the saturation of fatigue damage takes
place, but in the blasted bars a damage accumulation takes place
even after this number of cycles, and a decrease of the fatigue limit
can be expected at a higher number of cycles. The non-linear
regression also enabled us to determine the fatigue limit at an infi-
nite number of cycles, 0., and this theoretic value is 175 = 3 MPa
for ground bars, hence it practically does not differ from the o,
value, but for blasted bars it is 169 = 15 MPa and is lower than
0¢,, and has also a significant dispersion variance. In accordance
with the pieces of knowledge from [9], can be assume that the ini-
tiation of the fatigue failure was not on the surface, but below the
blasted layer, where residual tension stress occurs. Its propaga-
tion towards the surface is also supported by unevenness of the
blasted sheet surface. This creates conditions for fatigue failures at
stress lower than o,.

Figs. 9 and 10 document the fracture surfaces of ground bars
and blasted bars at different stress values, and hence cycles to
failure. The fatigue fracture of ground bars is initiated and propa-
gates on the whole surface of the bar, while in blasted bars the
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@ b) ) d)
Fig. 9 Fracture surfaces of ground bars of made of steel grade 11 375.1
under flat bending:

a) o = 211 MPa, N = 202.600 cycles, b) o = 197 MPa, N = 232.900
cycles, ¢) o= 192 MPa, N = 944.000 cycles, d) o = 190 MPa,
N = 1.070.600 cycles

fatigue fracture is initiated preferably in certain points of the
surface, which indicates an adverse influence of roughness on the
fatigue process. These pieces of knowledge should be considered
in calculations of the fatigue life of components with a strain-hard-
ened functional surface.

3. Conclusion

The paper analyses the influence of residual stress and surface
strain hardening of steel sheets on fatigue properties under bending.
After the cold levelling of 8 mm thick steel made of E 700TS steel,
residual tension stress is formed on one side of the sheet and
residual compressive stress on the other side. These types of stress
influence the fatigue process in such a way that on the side of
residual tension stress under one-sided bending (R = 0.1) the fatigue
crack initiation starts at a significantly lower number of cycles and
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a) b) . 9 d)

Fig. 10. Fracture surfaces of blasted bars made of steel 11 375.1 under
flat bending:

a) o= 222 MPa, N = 246.200 cycles, b) o = 230 MPa,
N = 268.600 cycles, c) o = 209 MPa, N = 733.100 cycles,
d) o= 202 MPa, N = 1.405.400 cycles

the fatigue limit is also lower than in case of one-sided bending on
the side with residual compressive stress.

The blasting of a 3 mm thick strip made of 11 375.1 steel
results in the strain hardening of the surface layer with the thick-
ness of about 0.5 mm, the formation of residual compressive stress,
but also an increased surface roughness. The fatigue limit under
symmetric bending at the number of cycles 10’ (0¢,) is higher for
blasted surfaces (by about 11%) than for ground surfaces. It results
from the analysis of fatigue tests that the theoretic fatigue limit (at
an infinite number of cycles) of blasted sheets can also be at the
same level or lower than that of ground sheets.

The presented results can be applied in practice when design-
ing the production technology of flat products (orientation of the
strip with regard to the loading method) and determining the
fatigue life of strain hardened products.
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INFLUENCE OF ATMOSPHERIC CORROSION ON THE SERVICE

LIFE OF STEEL SHEETS

The paper analyses the influence of the duration of atmospheric corrosion on basic mechanical and fatigue properties of steel sheet
2.16-4.46 mm thick, made of low-carbon steel with higher atmospheric corrosion resistance. A decrease of mechanical properties as a function
of the exposure time is mainly due to a weight loss and the fatigue limit decrease under flat bending is due to increased surface roughness
weathering steel too. The fatigue limit is a crucial characteristic for the service life of products, since after 5 years of exposure it decreased by

36%, while the ultimate tensile strength decreased by as little as 8%.

Key words: Low-carbon steel, corrosion resistance, surface roughness, mechanical properties, fatigue limit.

1. Introduction

Most metal structures and equipment (80%) work under atmos-
pheric corrosion conditions. The atmospheric corrosion rate depends
to a great extent on the presence of gaseous or dissolved solid
impurities, mainly SO,, H,S, HCI, chlorides, etc. The chemical
composition of steel also plays a significant role in assessing the
atmospheric corrosion processes [1]. Therefore, low-carbon steels
with increased atmospheric corrosion resistance of COR-TEN type
were developed, which are currently manufactured under various
trademarks. These steels are generally characterized as complex
low-alloyed steels of Cu-Cr-Ni-P chemical concept, with an ability
to create, under certain atmospheric conditions, a continuous and
very adhesive layer of corrosion products on their surface. This
layer effectively slows down the further corrosion process and has
an aesthetic appearance [2, 3, 4].

As a result of corrosion, degradation of chemical properties of
steels takes place. Under atmospheric corrosion conditions, degra-
dation of mechanical properties is mainly caused by a weight loss
(thickness) and a change of the surface relief (increased rough-
ness). Literature shows that these changes are the most intensive
at the beginning of the service life and with the exposure time the
degradation intensity decreases and in steels with increased cor-
rosion resistance it approaches to zero [3, 5, 6]. The loss of weight
mainly decreases the calculated values of strength properties and
the change of roughness mainly decreases plastic properties, but
particularly the fatigue life [6, 7, 8, 9, 10]. The fatigue life of
surface-damaged products is very susceptible to the method of
variable loading [9]. For flat products, flat bending is the most fre-
quent method of variable loading, where surface unevenness plays
an important role, where fatigue failure is initiated.

The aim of the paper is to analyze the influence of atmos-
pheric corrosion on basic mechanical properties and fatigue char-

* Marian Bursak, Jan Michel

acteristics of hot rolled sheets made of low-carbon steel with higher
atmospheric corrosion resistance.

2. Experiments and their analysis

Experiments were made on steel strips 2.16-4.46 mm thick,
made of low-carbon steel with increased atmospheric corrosion
resistance KONOX 345 T. Their orientation chemical composi-
tion is: C,,,. = 0.12%, Mn = 0.20-0.44%, Si = 0.25-0.55%, P =

= 0.07-0.15%, S, = 0.015%, Al,,;, = 0.02%, Cu = 0.25-0.60%,

max

Cr = 0.50-1.2%, Ni,,,. = 0.65%. The microstructure of tested
sheets is fine-grained, ferritic-pearlitic.

For experiments, tensile and fatigue test bars were made of the
tested steel strips (Fig. 1). Some of these test bars were exposed to
atmospheric corrosion for a period up to 5 years. On such pre-
pared test bars, the surface roughness was measured and the met-
allographic analysis of the surface layer was made. The influence
of the exposure time on mechanical and fatigue properties was
investigated using tensile tests and fatigue tests under flat bending
(R = —1) at the frequency of 35 Hz. The fatigue limit was deter-
mined for the number of cycles to failure 107,

20
1

Blasting surface 65

90

Fig. 1 Test bars for fatigue tests under flat bending
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i x
Fig. 2 Microstructure of a surface layer after 5 years exposure to atmos-
pheric corrosion

As a result of atmospheric corrosion, a loss in weight and
a change in the surface morphology take place. Figure 2 documents
the surface morphology after 5 years of exposure to atmospheric
corrosion and Fig. 3 documents the relationship between the change
of surface roughness and the time of exposure of tested sheets to
atmospheric corrosion, represented by the mean arithmetic devia-
tion of the profile R, and the highest height of the profile R,
A significant change of the profile takes place within the first 2
years of exposure and then this change is mitigated, even satura-
tion takes place. The above-mentioned analysis also resulted in the
program of mechanical tests. Basic mechanical and fatigue prop-
erties were investigated on the initial state, after 2 years and after
5 years of exposure to atmospheric corrosion.

100

80

R[um]

.0 1 2 3 4 5
Time of exposition [years]
Fig. 3 Influence of the exposition time to atmospheric corrosion on
surface roughness R,, R,

Figure 4 shows the relationships between the basic mechani-
cal properties and the time of exposure to atmospheric corrosion,
and Fig. 5 shows the relative decrease of the yield point R, ox/R,
and the elongation Agycor/Aso. respectively, after exposure. The
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Fig. 5 Influence of the exposition time to atmospheric corrosion and the
sheet thickness on the relative decrease of the yield point R,cor/R,
and the elongation Agycor/Asy

results show that the basic mechanical properties decrease signif-
icantly during the first 2 years and then their decrease is less sig-
nificant. The decrease of mechanical properties of the tested steel
due to atmospheric corrosion is also influenced by the sheet thick-

330
a . 8 0 year exposition
# 2 years exposition
290 - A5 years exposition
w 4
% 250 . Ge,=224 MPa
=, n ] [
<
© 210
170 A G,=157 MPa
Thickness 2.16mm Go,=143 MPa
130 T T T
5 55 6 6,5 7

"Number of cycles log Nx

Fig. 6 Wohler curves of the sheet 2.16 mm thick after 0 - 2 and 5-year
exposition to atmospheric corrosion
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ness; the less the thickness, the more significant the corrosion
influence.

The results of the fatigue tests under flat bending at a sym-
metrical cycle are shown in Fig. 6 and Fig. 7. A decrease of the
fatigue limit under flat bending after exposure to atmospheric cor-
rosion when compared with the fatigue limit under bending of
sheets in the initial state is shown in Fig. 8.

330
“ Thickness 4.46 mm
290 -
Oc,=250 MPa
T 250 n '
% [ ]
o -
o 210
170 - m 0 year exposition G,=174 MPa |
# 2 years exposition h
130 A5 years e)fposition ‘ GC°=1.61 MPa
5 5,5 6 6,5 7

Number of cycles log Nx

Fig. 7 Wohler curves of the sheet 4.46 mm thick after 0 - 2 and 5-year
exposition to atmospheric corrosion

The analysis of the results of fatigue tests under bending at
a symmetrical cycle indicates that within the first 2 years of expo-
sure to atmospheric corrosion the fatigue limit of tested sheets sig-
nificantly decreases, and when this exposure time is exceeded, the
decrease of the fatigue limit is less significant or the fatigue limit
is stabilized. The experiments show (Fig. 8) that the sheet thick-
ness, in fact, does not influence the decrease of o, due to the
time of exposure to atmospheric corrosion.

1
—— oo/ O, h=2,16
o
o
O o —B— Gl Oc, h=4,46
Y !
[iq
o
(53
8
08
b
07 ' |
08 4
o 1 2 3 4 5 ]

Time of exposition [years]

Fig. 8 Influence of the exposition time to atmospheric corrosion on the
relative decrease of the fatigue limit under bending ocycor/Tc,

The results of the influence of the atmospheric corrosion
exposure time on the basic mechanical and fatigue properties of
the tested sheets are in accordance with theoretical and practical
knowledge. It is necessary to discuss factors that degrade the struc-
tural strength or the service life of flat products to a great extent.
Under static loading conditions, a weight loss (sheet thickness) is
a crucial factor. Since this loss under atmospheric corrosion con-
ditions, regardless of the sheet thickness, is constant, the intensity
of decrease of the structural strength of thinner flat products will

be higher (the thickness dependence is exponential); for the tested
sheet 2.16 mm thick the decrease of R,, due to atmospheric cor-
rosion is 8% and for the sheet 4.46 mm thick this decrease is 6%.
From this point of view, the elimination of atmospheric corrosion
by an addition to the thickness is effective. Considering the high
plasticity of the tested sheets, but also other sheets intended for
the manufacture of flat products, a decrease of the elongation due
to increased surface roughness by atmospheric corrosion does not
have a significant practical importance.

The experimental results and literary knowledge indicate that
under variable loading conditions the surface roughness is a crucial
factor of degradation of properties due to atmospheric corrosion,
which significantly increases during the first two years of exposure
and is not dependent on the sheet thickness. The decrease of the
fatigue limit of the tested sheets after two years of exposure by
30%, or after 5 years by 36%, is significant. The loss in weight is
practically negligible from the viewpoint of its effect on the fatigue
limit. The work [6] shows that the loss in weight after 5 years of
exposure participated in a decrease of the fatigue limit by as little
as 4%.

It results from the above-mentioned that the solution of the
influence of atmospheric corrosion on the fatigue life by an addi-
tion to the sheet thickness is of a little effect. The solution consists
in reducing the surface roughness of sheet (flat product), particu-
larly its Ry value. From the viewpoint of the material design of
a product, this means that we should choose a steel sheet grade that
guarantees the formation of a uniform, continuous layer of corro-
sion products. Low-carbon steels with increased atmospheric cor-
rosion resistance, and hence the tested steel KONOX 345 T, meet
this condition to a certain degree. As a result of their complex
alloying, under atmospheric corrosion conditions within two-three
years a protective layer is formed, which, in fact, stops the corrosion
process. The work [6] compares the degradation of the tensile
fatigue limit at the max-to-zero cycle (R = 0) of steel with increased
resistance to atmospheric corrosion 15 127.1 and unalloyed steel
11523.1. After 5 years of exposure, the fatigue limit for the number
of cycles 107 decreased by 34% for steel 15 127.1 and by 40% for
steel 11523.1. Under flat bending conditions, this difference is
even higher.

Conclusion

The paper analyses the influence of the time of exposure to
atmospheric corrosion (2-5 years) on the basic mechanical and
fatigue properties of complex low-alloyed steel with increased resis-
tance to atmospheric corrosion KONOX 345 T. The analysis of
experimental results and literary knowledge gave the following con-
clusions:

- The tested steel, besides advantageous mechanical properties,
also meets the condition of increased resistance to atmospheric
corrosion. After 2 years of exposure, the loss in weight and the
increase of surface roughness of sheet are stabilized, even stopped.

- The decrease of mechanical properties (R,, R,,) as a function
of the time of exposure to atmospheric corrosion is identical to
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the course of the loss in weight; hence, the loss in weight is
a crucial degradation factor. Since this loss in weight is not depen-
dent on the sheet thickness, the decrease of mechanical prop-
erties decreases with a growing thickness.

- The decrease of the fatigue limit under flat bending (R = —1)
as a function of the time of exposure to atmospheric corrosion
is comparable with the course of the roughness profile height
Ry. The roughness of the sheet surface is a crucial degradation
factor, and hence the sheet thickness has only a slight effect on
the decrease of the fatigue limit.

The decrease of the ultimate tensile strength due to atmospheric
corrosion after five years of exposure was 8% for the sheet 2.16 mm
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thick and 6% for the sheet 4.46 mm thick, but the decrease of the
fatigue limit under bending was as many as 36%. Since flat prod-
ucts (e.g. parts of vehicles, containers, etc.) work under variable
loading conditions, when calculating their service life the degra-
dation of the fatigue limit will be a crucial factor. From this point
of view, the use of steels with increased resistance to atmospheric
corrosion for products with a long service life has high economic
gains in terms of cost of surface protection and its renewal. Also,
higher mechanical properties of these steels make it possible to
reduce the product weight.

[1] KOCICH, J., TULEJA, S.: Corrosion of Metals (in Slovak), Alfa Bratislava, 1980

[2] KOLLAR, J., SIMON, A.: Steel Sheets (in Slovak), 25, 1, 1996, 19

[3] LAPCIKOVA, E.: Metallurgical Letters (in Slovak), 19, 11, 1976, 815

[4] KOCICH, J., TULEJA, S.: Kordzna ochrana kovov Corrosive protection of Metals (in Slovak), Alfa Bratislava, 1989

[5] SEVCIKOVA, J.: METALLURGIST (in Czech), 33, 6, 1983, 228

[6] MICHEL, J., MIHALIKOVA, M.: Influence of corrosive enviroment on fatigue properties of steels,(in Slovak), In.: Letna §kola unavy

2004, Zuberec-Rohace, sept. 2004, 62

[71 BURSAK, M. et al.: Influence of rolling conditions and atmospheric corrosion on mechanical and fatigue properties of KONOX grade
steel (in Slovak), In.: Valcovanie plechov za tepla, Stara Lesna, okt. 2000, P34-1

[8] MIHALIKOVA, M., KOVALOVA, K., MICHEL, J.: Material Engineering (in Slovak), 11, 3, 2004, 13

[9] KOVALOVA, K., MICHEL, J.: Acta Mechanica Slovaca, 8, 2004, 3, 113

[10] MAMUZIC, 1.: Metallurgy (in English), 44, 2005, 4, 305

KOMUNIKACIE / COMMUNICATIONS 4/2006 =« 41



https://doi.org/10.26552/com.C.2006.4.42-46

KOMNIKCCe

C O M M UNICATI ON:S

Stanislav Véchet - Jan Kohout - Klara Hanzlikova - Vojtéch Hruby *

FATIGUE BEHAVIOUR OF NODULAR CAST IRON
AT VARIOUS LOADING CYCLE ASYMMETRY

Fatigue behaviour of nodular cast irons is described in specialized literature quite well but the majority of fatigue tests in high cycle region
has been made at symmetrical bending or at symmetrical tension-compression loading. The role of loading cycle asymmetry is very important
because the fatigue limit of nodular cast irons is substantially influenced by mean static stress. Unfortunately, the number of papers describing
the influence of mean static stress is quite low. The aim of the presented paper consists in presenting the results of long-term research of nodular
cast irons at high cycle region at different loading cycle asymmetry. Several heats with various heat treatments leading to various structures of
matrix were used for fatigue tests performed mainly at symmetrical tension-compression loading and at repeating tensile loading. From S-N
curves the fatigue limits for 107 cycles were determined and then used for the calculation and construction of the Haigh and the Smith diagrams.
Nodular cast irons seem to be more sensitive to mean static stress than structural steels. It was found that, in contrast to many papers, the
dependence of upper stress on mean stress is not linear but parabolic with the exponent lower than I whose value is linear function of UTS.

1. Introduction
1.1. Nodular cast iron

Nodular cast iron and particularly its high-strength type called
ADI (austempered cast iron) is very prospective structural mater-
ial with worldwide increasing production. In European industri-
ally developed countries its production increases by 5 to 10 % every
year, to the detriment of production of grey and tempered iron,
cast steels, weldments, forgings etc. [1,2]. Besides excellent tech-
nological properties its advantage consists in favourable shape of
graphite particles which, in comparison with other cast irons, does
not decrease substantially the mechanical properties of metal matrix.
Accordingly, various heat treatments are applied for nodular cast
iron similarly as for usual structural steels and thus its mechanical
properties can be changed in a wide range of strength and plas-
ticity. Variability in the microstructure of cast iron matrix is even
substantially wider than in the microstructure of steels because the
graphite particles can work as stocks of carbon and, therefore, in
one heat of cast iron wide range of ferritic-pearlitic mixtures can be
obtained from purely ferritic to nearly purely pearlitic matrix.

Nodular cast iron can be used for many industrial components
as e.g. gear wheels, valve levers of diesel engines, crankshafts, piston
rods etc. Considerable part of its production is applied in military
industry, above all for the details of military vehicles and some
types of armour. Most of these products are loaded statically as
well as dynamically and, therefore, the crucial role in degradation
processes is played by mechanical fatigue. Relatively high number
of data dealing with fatigue behaviour of nodular cast iron, which
have been published, can be used only in a limited extent because

* Stanislav Véchet', Jan Kohout?, Klara Hanzlikova', Vojtéch Hruby®

they are neither complete nor uniform, sometimes they are even
contradictory. It is a consequence of the fact that various test devices
and various test bars have been used for fatigue tests performed
according to different test procedures. Also different data process-
ing of fatigue results has been applied, e.g. fit procedures of S-N
curves including various numbers of cycles to fracture defining
fatigue limit. Moreover, most high-cycle fatigue tests leading to deter-
mination of S-N curves and fatigue limits have been performed at
symmetrical bending or at symmetrical push-pull loading. The
influence of various asymmetry of loading cycle on fatigue behav-
iour of nodular cast iron has not been studied sufficiently widely
in spite of the fact that fatigue limit of nodular cast iron depends
very strongly on a static tensile stress component of the total loading
stress.

1.2. Influence of loading cycle asymmetry

The value of fatigue limit is a function of loading cycle asym-
metry and it increases or decreases according to the sign of mean
stress. This fact is usually presented by the Smith or the Haigh
diagram. While the Smith diagram expresses the dependence of
extreme stresses of loading cycle (i.e. upper stress oy, and lower
stress g,,) on mean stress o, of loading cycle, the simpler Haigh
diagram determines the relation between the stress amplitude o,
and the mean stress o,,. Both diagrams are mostly drawn for the
number of cycles to fracture corresponding to the fatigue limit
(usually 107 cycles), but also the families of curves for various cycle
numbers are presented.

For a simple estimation of the shape of both diagrams several
relations were proposed describing the dependence of the maximum
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stress amplitude on the mean stress of loading cycle. A very often
used type is

o)

with various values of exponent «, which cover the range from 1
to 2 for most structural materials [6]. For a = 1 typical for high-
strength steels and some types of cast irons with lamellar and
nodular graphite the linear Goodman relation is obtained. The
Gerber quadratic parabola for « = 2 is valid for low carbon, unal-
loyed or low alloyed steels.

(1

The contribution presents the results of long-term research of
high-cycle fatigue behaviour of several types of nodular cast iron
with emphasis on various asymmetry of a loading cycle.

2. Experiments

Three heats of nodular cast iron marked 0, 13 and 15 were
used for fatigue tests [3]. Heats 0 and 15 were not alloyed, heat 13
was alloyed with Cu. Chemical composition of all three heats is
given in Table 1. Heats 13 and 15 were heat treated in various ways
and thus eight different matrices were obtained. Their marks
consist of letters meaning heat treatment and of numbers meaning
basic heat, e.g. BU13 means ADI with upper bainite matrix made
of heat 13.

Chemical composition of studied Table 1
nodular cast irons (in wt %)
Heat C Si Mn P S Mg Cu
0 326 | 2.06 | 011 | 0.020 | 0.008 | 0.057 -
13 343 | 255 | 056 | 0.055| 0.016 | 0.093 | 0.61
15 3.46 2.10 [ 0.25 [ 0.047 [ 0.002 | 0.058 -

Feritization annealing was applied to heat 0 to obtain purely
ferritic microstructure marked FO. Heats 13 and 15 were used as cast
and marked as P13 (nearly purely pearlitic structure) and FP15
(ferritic-pearlitic structure). Isothermal transformation of heat 13
led to upper bainite BU13. Four matrices were obtained by heat
treatment of heat 15: pearlite P15 by normalization annealing and
upper bainite BU15, transient bainite BT 15, and lower bainite BL15
by isothermal transformation.

KOMNIKCe

COMMUNICATION:S

Ferritization and normalization annealing was performed in
electric muffle furnace. Heat treatment conditions are presented
in Table 2. Austempering of ADI was performed in electric cru-
cible furnaces. Austenitization was made at 900 °C during 1 hour
in GS530+C3 salt bath, isothermal transformation was made at
400 (BU), 350 (BT) and 300 °C (BL) in AS140 salt bath. The dwells
at transformation temperatures were chosen from a very wide tem-
poral range 2 minutes to 25 hours to obtain the structure with
maximum elongation to fracture [4]. Transformation conditions
are given in Table 3.

Structures and heat treatment conditions Table 2
of ferritic-pearlitic nodular cast irons

Material [ Graphite particles Matrix Heat treatment
shape | size [um] | ferrite/pearlite [%] conditions
ferritization
FO VI 30 - 60 100/0 annealing 870 °C,
11 hours, furnace
P13 VLV | 30-60 4/96 as cast
FP15 | VLV | 30-120 55/45 as cast
normalization
P15 VL,V | 30-120 0/100 annealing 900 °C,
1 hour, air

Metallographic samples were prepared by standard procedure
using heads of test bars after mechanical tests. The shape and size
of graphite particles were determined using cuts before etching
(VI means perfectly globular and V imperfectly globular grains).
After etching in so called Nital 2% (solution of nitric acid in ethanol)
the content of ferrite and pearlite in structure was evaluated. For
observation of structure the Zeiss-Neophot 21 light microscope
was used. Retained austenite in austempered matrix was determined
using X-ray quantitative phase analysis in heads of cylindrical test
bars, which were not deformed and their original structure was
not changed by possible transformation of retained austenite due
to tensile loading. Resulting structures are described in Table 2
(ferritic and pearlitic structures) and in Table 3 (austempered struc-
tures). Microstructure of ADI transformed at 400 °C is presented
in various magnifications in Fig. 1 to 3.

For the determination of basic mechanical properties (yield
stress R, », ultimate tensile strength R,,,, elongation to fracture 45
and reduction of area Z) at static tensile loading three or four

Structures and heat treatment conditions of austempered nodular cast irons Table 3
Material Graphite particles Matrix Transformation Transformation
shape size [um] austenite [%] temperature [°C] dwell [min]
BHI13 VL,V 30 - 60 41.9 400 50
BHI15 VL,V 30 - 120 344 400 40
BP15 VI,V 30 - 120 19.9 350 100
BDIS VI,V 30 - 120 9.5 300 60
KOMUNIKACIE / COMMUNICATIONS 4/2006 - 43



Fig. 1 Structure of ADI transformed during 40 minutes at 400 °C.
(Nital etching, the Nomarski method, actual magnification 100 x)

!

Fig. 2 Structure of ADI transformed during 40 minutes at 400 °C.
(Nital etching, the Nomarski method, actual magnification 500 x)

cylindrical test bars with a diameter of 6 mm and length of 30 mm
were used, see Fig. 4. The tests were performed using Zwick 1478
testing device at room temperature, with crosshead velocity of

1 mm/min (corresponding strain rate is about 5 - 1074 s_l).

Fatigue properties were evaluated by determination of S-N
curves and fatigue limits. Fatigue tests were performed on the Amsler
high-frequency pulsator (frequency of 180 Hz, room temperature)
at symmetrical push-pull loading (R = —1) and repeating tension
(R = 0, stress ratio R is equal to quotient of lower stress and upper
stress of loading cycle). Each of S-N curves was determined using
12 to 15 test bars with a diameter of 7 mm, which were ground to
surface roughness Ra = 0.4 um, see Fig. 5. S-N curves were fitted

Fig. 3 Structure of ADI transformed during 40 minutes at 400 °C.
(Nital etching, the Nomarski method, actual magnification 1000 x)
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Fig. 4 Test bar for static tensile test (real size)

proposed by Stromeyer and recommended by Weibull [5], which
describes very well fatigue behaviour of metals in high-cycle region.
The fatigue limits o~ (R = —1) and o0y, (R = 0) for a basic number
of cycles to fracture N = 107 were determined directly using the
equation obtained by modification of Eq. (2)

o(N) = (00— 0.) - (107" N’ + o, 3)

which contains fatigue limits as one of regression parameters.

3. Results

The results of static tensile tests together with fatigue limits for
symmetrical push-pull loading and repeating tensile loading are
presented in Table 4. Also the values of parameter « calculated
according to the relation

using nonlinear least square method with three-parameter regres- 200 — O
sion function log 20
c
a= Toc )
o(N) = aN’ + o, (2) log ——
2R,
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Fig. 5 Test bar for fatigue test (real size)

derived from Eq. (1) are added (natural as well as common loga-
rithms can be used). Individual S--N curves are not presented due
to the limited extent of paper. Only some examples of the Haigh
diagram and only one example of the Smith diagram are shown,
see Figs. 6 to 9.

4. Discussion

In papers [7-9] the Smith diagrams for various types of fer-
ritic-pearlitic nodular cast iron are presented. Their straight-line
shapes correspond to the linear Goodman relation. The results of
our studies showed that for all 8 studied materials the general rela-
tion (1) must be used, see Figs. 6 to 8. The shape of all the Haigh
diagrams is convex because the value of exponent « is lower than
1 (0 < a < 1), see Table 4. This behaviour is common for all the
studied irons with either ferritic-pearlitic or bainitic structure (in
the last years called also ausferrite). The obtained results clearly
show that it can be very inaccurate to use the linear Goodman
relation for nodular cast irons, especially for ADI. This finding is
inconsistent with the mentioned papers [7-9].

Static tensile and fatigue properties Table 4
of nodular cast irons
Mater. [ R, R, As VA oc O a
[MPa] | [MPa] | [%] [%] | [MPa]|[MPa] | [1]
FO 223 361 23.7 28.6 160 199 | 0.755
P13 417 654 32 2.0 236 317 | 0.786
BHI3 | 645 881 5.4 34 236 290 | 0.528
FPI1S 316 505 16.3 13.5 186 248 1 0.782
P15 702 1030 4.6 3.5 231 333 | 0.700
BHIS | 809 1032 72 4.9 253 370 | 0.764
BP15 | 1036 | 1203 34 1.4 241 304 | 0.482
BDI15 | 1348 [ 1531 1.1 1.0 229 275 | 0.381

The values of exponent « significantly depend on the matrix
of nodular cast iron. The highest values were found for ferritic-
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Fig. 6 The Haigh diagram for ferritic nodular cast iron FO

pearlitic irons in the range 0.700 to 0.786, in which also the value
0.764 for BU1S5 lies. The values for other types of ADI are lower;
the lowest value 0.381 was obtained for BL15. The approximate
dependence of this exponent on UTS as one of most important
characteristics of the matrices was determined in the form valid
for UTS expressed in MPa

o(R,)=0.943 — 0329 - 10 >R, (for R, in MPa), (5)
see Fig. 10. This relation explicitly shows that the value of expo-
nent « is always lower than 1 and significantly decreases with the
increasing UTS [10, 11]. Low « value means that the material is
extremely sensitive to the increase of mean stress, especially in the
range of small mean stresses.

5. Conclusions

On the basis of the study of fatigue behaviour of nodular cast
iron with ferritic-pearlitic as well as bainitic matrices (ADI) obtained
at various temperatures of isothermal transformation the following
conclusions can be formulated:

1. The dependence of the loading cycle amplitude on the mean
stress at push-pull loading has a convex shape for all types of
nodular cast iron (ferritic-pearlitic as well as ADI).

2. The shape of the Smith and the Haigh diagrams cannot be
approximated using the linear Goodman relation, but a general
relation containing exponent « lower than 1 must be used.

3. The highest values of exponent « were obtained for ferritic
nodular cast iron and for ADI transformed at 400 °C. The
lowest value of exponent « was obtained for ADI transformed
at 300 °C.

4. The value of exponent « decreases with the increasing UTS not
only for ferritic-pearlitic nodular iron, but also for ADI. This
relation can be approximately expressed by a linear equation.
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THE RELATION BETWEEN MICROSTRUCTURE COMPOSITION
AND FATIGUE PROPERTIES OF ADI

The presented work deals with a high-strength variant of nodular cast iron, so-called ADI (austempered ductile iron). This material ranks
among prospective structural materials and is more and more applied in all important branches of machine industry. Recently it has even been
applied to castings for cyclically loaded components, i.e. gears and traversing wheels, crankshafts of motor-cars, vans and trucks, swivel pins,
rail brakes, pressure pipes in oil industry etc. The microstructure composition of an ADI matrix consists especially of bainitic ferrite and sta-
bilized austenite. However, in dependence on transformation dwell some amount of martensite can appear as well.

In this work the relation between mechanical properties and microstructure composition of the matrix mixture was studied in detail for
the case of ADI transformed at 380 °C, with emphasis on fatigue properties.

1. Introduction

Austempered ductile iron used in an increasing measure for
various cyclically loaded components [ 1, 2] is obtained by isother-
mal heat treatment of nodular cast iron. This way of heat treatment
includes austenitization, isothermal transformation and final cooling
usually in water. Heat treatment conditions influence the microstruc-
ture and mechanical properties of ADI differently: whereas the
austenitization conditions (at usual temperatures in the range of
850 to 900 °C and typical dwell from 1 to 3 hours) play only a mar-
ginal role, the conditions of isothermal transformation (i.e. temper-
ature and the length of isothermal transformation dwell) influence
the matrix microstructure composition and, consequently, mechan-
ical properties of ADI substantially |3, 4].

This work is focused on the relation between the matrix mixture
composition and mechanical properties of ADI in dependence on
isothermal transformation dwell. For the study an ADI obtained
by isothermal transformation at the temperature of 380 °C was
chosen. For determining the relation between the matrix mixture
composition and mechanical properties of ADI the transforma-
tion dwells in the range of 2 to 540 minutes were used.

2. Experimental material and techniques

For the study an unalloyed nodular cast iron with chemical
composition 3.56 wt. % C, 2.24 wt. % Si, 0.25 wt. % Mn, 0.02 wt. %
P, 0.004 wt. % S and 0.054 wt. % Mg was selected.

Cylindrical testing bars for static tensile tests (with the initial
diameter of 6 mm and gauge length of 30 mm) and for fatigue tests
(with the initial diameter of 7 mm and effective length of 10 mm)
were made from this material. Isothermal heat treatment was per-

* Klara Hanzlikova', Stanislav Véchet' and Jan Kohout?

formed in the following steps: austenitization took 1 hour in NaCl
salt bath at the temperature of 900 °C, isothermal transformation
was performed at the temperature of 380 °C in AS 140 salt bath,
final cooling was done in water. For studying the relation between
the obtained matrix mixture composition and mechanical proper-
ties of ADI the isothermal dwells of 2, 5, 10, 25, 60, 120, 270 and
540 minutes were used.

For the microstructure evaluation, the metallographic cuts were
prepared using the front faces of screw heads. Etched and not
etched microstructures were observed by an OLYMPUS GX 71 light
microscope with an Olympus DP 11 digital camera. The content
of stabilized austenite and the analysis of graphite nodules were
determined by an image analysis using LUCIA software of the
Laboratory Imaging Company and ACC software of the SOFO
Company.

The tensile tests were performed at the usual room tempera-
ture (i.e. 20 to 25 °C) on the testing device TIRATEST 2300 with
a force range of 100 kN. The crosshead speed was 2 mm/min cor-
responding to the loading strain rate of 10~ s~ . Fatigue tests were
performed at the room temperature as well, at symmetrical loading
cycle, using an AMSLER 10 FHP 1478 high-frequency resonance
pulsator at the test frequency of 201 Hz. Each of S-N curves was
determined by the tests of 12 to 15 test bars. For the data regres-
sion by the least square method, the three-parametrical non-linear
function (1) proposed by Stromeyer and recommended by Weibull
[5] was used

o(N) = aN’* + o, , (1)

where as o stress amplitude can be considered, a, b, and are
parameters of the regression curve, and N is the number of cycles
to the fracture.

"nstitute of Materials Engineering, Faculty of Mechanical Engineering, Brno University of Technology, Technicka St 2, CZ-616 69 Brno, Czech Republic
’Department of Mathematics and Physics, Military Technology Faculty, University of Defence, Kounicova St 65, CZ-612 00 Brno, Czech Republic
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3. Results

The determined content of microstructure components, average
values of static mechanical characteristics and fatigue limits for
a reference number to the failure N = 107 are presented in Table
1 for all the transformation dwells.

Static mechanical properties, fatigue limits, fatigue Table 1
ratio and content of stabilized austenite or martensite
(if any) of ADI transformed at 380 °C in dependence

on transformation dwell.

7 | RO2| R, | A5 | 8 | 8dR,| A4S | M
[min] | [MPa] | [MPa] | [%] | [MPa]| [-] | [%] | [%]
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Fig. 1: The composition of the ADI microstructure in dependence
on the transformation dwell.
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As Table 1 and Fig. 1 show, the composition of the microstruc-
ture mixture in the matrix of ADI transformed at 380 °C is sub-
stantially influenced by the isothermal transformation dwell. The
microstructure consists especially of bainitic ferrite and stabilized
austenite. However, for short transformation dwells also some
amount of martensite appears. In the case of the shortest dwell,
i.e. 2 minutes, it is even a dominant structural component (see
Figs 1, 2).

During the transformation of austenite into bainitic ferrite,
the surrounding non-transformed austenite is being enriched by
carbon, which increases its stability. It leads to a gradual increase
in the amount of this phase in the matrix with an increasing trans-
formation dwell, which is to the detriment of martensite creation.
For the transformation dwell of 25 minutes the stability of non-
transformed austenite is sufficient and so the martenzitic transfor-
mation during subsequent cooling is wholly suppressed. Stabilized
austenite reaches its maximum content for the transformation dwell
of 60 minutes (Fig. 3). With further prolongation of the transfor-
mation dwell its amount starts to decrease and for the longest dwell
only about half of the maximum content was determined in the
matrix microstructure (Fig. 1). The results of the mechanical prop-
erties testing show that their values are substantially influenced by
the isothermal transformation dwell (see Table 1 and Figs 4, 5, 6).

UTS values Rm and yield stress R,0,2 increase in the whole
range of studied dwells and reach their maxima for the longest
dwells (see Fig. 4). The dependence of elongation to the fracture
As on the transformation dwell is different. Its value increases at
first and reaches its maximum for the transformation dwell of 60
minutes. When this dwell length is exceeded, the value of 45 changes

Fig. 2: The matrix microstructure of ADI for the transformation
dwell of 2 minutes.

— Bainitic
Stabilized Ferrite

Austenite

Fig. 3: The matrix microstructure of ADI for the transformation
dwell of 60 minutes.

only slightly up to the dwell of 270 minutes, when it starts to
decrease substantially (see Fig. 4).

In the previous work [4] as well as in the work [6], fatigue
properties of nearly identical material changing with increasing
transformation dwells were already studied. It was found out that
the dependence of the fatigue limit o, on the transformation
dwell is similar to the dependence of 4s. In the range of short
dwells, the value of the fatigue limit o gradually increases. After
reaching its maximum, o decreases but still remains in the interval
of sufficient values. Then the substantial decrease was observed
till the longest dwells were achieved. Because of time-consuming
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Fig. 4: Static mechanical properties of ADI in dependence

on the transformation dwell.

fatigue tests, in this work only the range of transformation dwells
from 25 to 270 minutes was tested, which was chosen pursuant to
the previous studies. As Table 1 and Fig. 5 show, in the studied range
of transformation dwells the value of fatigue limit o increases at
first. Optimum fatigue properties were reached for the transfor-
mation dwell of 60 minutes, which is also evident in Fig. 6. After
reaching its maximum, o slightly decreases but still remains in
the range of sufficient values.

280 , :
270 -
260
250
240 1
230 |
220 |
210

Fatigue Limit o ¢ [MPa]
®

200
190

180 ] '
1 10 100

Transformation Dwell { [min]

Fig. 5: The fatigue limit of studied ADI in dependence
the transformation dwell.

1000

Because of the similarity in the chemical composition of the
studied material to the materials in previous studies, also the sim-
ilarity in dependence of fatigue limit on the whole studied range
of transformation dwells could be assumed. It follows from this
similarity that in the range of 2 to 25 minutes fatigue limit will
probably gradually increase with a transformation dwell prolonga-
tion and when the transformation dwell of 270 minutes is extended,
the value of the fatigue limit will probably substantially decrease
(approximately according to the Fig. 7).
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Fig. 6: The comparison of S-N curves for studied transformation dwells
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Fig. 7 The dependence of fatigue limit on the dwell at isothermal
transformation of ADI obtained in previous study [4].

4. Discussion

Regarding the results of this study, it can be said that the values
of mechanical properties depend on the structural matrix mixture.
The ADI matrix consists especially of bainitic ferrite and stabi-
lized austenite (Fig. 1). Bainitic ferrite is the carrier of strength in
the ADI matrix, thus the UTS and yield stress reach their maxima
when bainitic ferrite is a strongly prevalent structure component
of the matrix (see dwells of 270 and 540 minutes in Fig. 4). Sta-
bilized austenite is, on the contrary, the carrier of plasticity in the
ADI matrix, thus the elongation to the fracture reaches its maximum
for the transformation dwell when the matrix contains the maximum
amount of stabilized austenite, i.e. for 60 minutes (see Fig. 8a).
For longer dwells the elongation starts to decrease again as con-
sequence of stabilized austenite decreasing due to its further trans-
formation into bainitic ferrite.

The dependence of the fatigue limit on the transformation
dwell coincides with the dependence of elongation to the fracture.
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Fig. 8: The comparison of dependences of elongation to the fracture (a) and of fatigue limit (b) with the amount of stabilized austenite
on the transformation dwell.

Thus its maximum value is also reached when the matrix contains
the maximum amount of stabilized austenite, i.e. for the transfor-
mation dwell of 60 minutes (Fig. 8b). A high level of the fatigue
limit appears also when austenite content starts to decrease. The
reason of this effect is probably an increasing deformability of
bainitic ferrite with a transformation dwell prolongation.

In the case of short dwells, i.e. in the range of 2 to 25 minutes,
lower values of strength, plasticity and fatigue limit are caused by
the presence of martenzite in the ADI matrix, which is a brittle
and very hard phase and cause premature cracks of the testing
bars.

5. Conclusions

The microstructure matrix composition and, consequently,

mechanical properties are very substantially influenced by the dwell
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INFLUENCE OF ANNEALING ON STRUCTURE AND FATIGUE
PROPERTIES OF MICROALLOYED STEEL

Advanced microalloyed steels (HSLA steels) contain microstructural components whose mechanical properties can be altered by exposure
to elevated temperatures, for example, in application of welding cycles. The objective of this paper is to identify the relative influence of anneal-
ing (annealing at 650°C for 25 min) on microstructure and fatigue properties variability of HSLA steels. The results obtained in this work
suggest that in spite of no or very small positive effect of annealing on the fatigue limit of HSLA steels with no stress concentrator in its pres-
ence it can be expected that the annealing has a negative influence either on fatigue crack initiation or fatigue crack growth.

Key words: fatigue strength; crack initiation; fatigue crack growth, low-temperature annealing; pipeline steel; microstructure;

1. Introduction

Hot rolled steel strips are the most frequently used structural
materials. Microalloyed steels (usually named as high strength low
alloyed steels) have an indisputable position among them repre-
senting about 10 per cent of the world steel production. The prin-
cipal advantage of these steels is the possibility to achieve high
strength levels without increasing the amount of alloying elements.
The required mechanical properties are achieved by means of con-
trolled rolling where the mastering of precipitation processes (of
the elements Al, Ti, Nb, V, Zr) during deformation and cooling
from finishing temperature is of primordial importance. This process
enables to use the four basic strengthening mechanisms - solid
solution strengthening, dislocation strengthening, microstructural
strengthening and precipitation strengthening. Usually 70 percent
of the yield stress value is due to grain refinement (the finishing
rolling temperatures play here a deciding role) and precipitation
(the coiling temperatures play here a deciding role). Using of all
four strengthening mechanisms at the same composition it is pos-
sible to obtain twofold to threefold higher values of yield stress
when compared to conventional steels. This enables a significant
weight reduction of the projected structures at a cost reduction of
about 25 per cent [1-3]. HSLA steels are world-wide used for such
structural applications as tubes, boilers, pressures vessels, bridges,
ships, automotive industry, for welded machine parts. Structural
materials are often exposed to cyclical changes of temperature or
stress (eventually of both) being the primary cause of failure in
structural applications.

The selection of a material with optimal properties is signifi-
cantly influenced by its resistance to cyclic loading and the tra-
ditional criterion of the selection is the fatigue limit (o_,). An
approximate estimation of the fatigue limit of steels loaded by
alternating symmetric cycling (R = 0,/ 0o = — 1) is about the
halve of its tensile strength (o_,/R,, = 0,5). The fatigue limit mea-

* Gejza Rosenberg

sured both on smooth and notched specimens increases with their
strength but the differences between o, measured on steels with
different strengths decrease with increasing level of stress concen-
tration. It is not unusual that fatigue limits measured on poorly
machined or not machined welded joints are totally independent
on strength and are in the range of 100-200 MPa [4]. Besides
welded joints other stress concentrators may be encountered which
shorten the initiation stage of the fatigue crack in such an extent
that the propagation stage may dominate the life of the structure.
For that reason besides the fatigue limit the loading level below
which the existing cracks do not propagate i.e. the threshold value
of stress intensity factor range (AK}) has to be considered as an
important factor of fatigue resistance. It is clear that depending on
the structural project and the exploitation of the structure either
the initiation stage or the propagation stage will dominate and,
therefore, it is important that the fatigue resistance be evaluated
separately in the different stages. Among the advantages of the
introduction of rolling.

HSLA steels by a controlled schedule of rolling and cooling
was the possibility to achieve the required mechanical properties
without the necessity of subsequent normalization. In spite of that
in order to optimize some sheet and strip properties sometimes an
additional heat treatment is incorporated into the processing route
consisting of annealing at different temperatures. Annealing below
the Acl temperature is advantageously used for coils where the
measured strengths were higher than the required values or the
Charpy impact energy was lower than specified.

The aim of this contribution is to evaluate the influence of
low temperature annealing on changes in the fatigue resistance of
HSLA steels microalloyed on the basis of Nb, Nb-V, Nb-V-Zr,
both in the crack initiation and crack propagation stages.

Faculty of Metallurgy, Technical University of KoSice, Letna 9, 042 00 Kosice, Slovakia, E-mail: Gejza.Rosenberg@tuke.sk
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2. Material and Experimental Procedures

Material

Four commercially produced HSLA steels microalloyed on the
basis of Nb (steel B), Nb+V (steel D and 6) and Nb+V+Zr (3)
respectively were used for the experiments. Table 1 shows the steels
compositions.

The steels designated by B and D had in comparison to steels
3 and 6 higher carbon content but, on the other hand, the carbon
equivalents (C,,, = C+Mn/6 + (Cr+Mo+V)/5 + (Ni+Cu)/15)
of steels B and 3 on one side and D and 6 on the other side were
comparable (C,,, = 0,28 and C,, = 0.33, respectively). The steel
plates were rolled by similar controlled rolling schedules, being the
finishing temperatures rolling always in the ranges: z,,, = 835-850
°C and t,,, = 570-580 °C, respectively, while still maintaining
tdov ¢,,, = 260 to 270 °C. The thickness of the rolled plates was
the same, 8 mm. The specimens were cut perpendicularly and par-
allel to the rolling direction, with dimensions of 60 X 150 mm.
The mechanical properties were measured in the as delivered con-
dition, without surface machining. Both from the un-annealed mate-
rial as well as from a set of selected cut pieces annealed for 650°C/
25 min fatigue test specimens were machined. On the same spec-
imens hardness was also measured.

Fatigue testing

All fatigue tests were performed at the frequency /' = 25 Hz and
stress ratio R = 0.03 (notched specimens) and R = — 1 (unnotched
specimens). Plane bending fatigue tests were conducted on smooth
specimens which in the reduced section had B = 4.1 = 0. mm
thickness and W = 6 mm width. The evaluation of the fatigue
strength in both unnotched and notched test specimens was done
for 107 cycles. The surfaces of all specimens were metallographi-
cally ground, polished, and in some cases also etched.

The fatigue crack initiation and propagation behavior was inves-
tigated on notched specimens in three-point bending at a stress ratio
R = 0.03 and frequency of /= 25 Hz. The data were obtained by
testing single-edge-notched (SEN) specimens of W = 20 mm
(working length L = 4W) width and B = 6 mm thickness containing
a 5.0 mm deep electrospark-produced notch. The notch tip radius
were p = 0.06 mm for FCG or p =0.2 mm for fatigue crack initi-
ation experiments.

All specimens were precracked over a length of =~ 0.7 mm.
After crack initiation in the samples at the level of AK = 6 to 8
MPam'’? the loading was gradually decreased or maintained at

REVIEWS

a constant level of AK with the aim to determine the threshold
value of stress intensity factor range (AK,,), defined by the decrease
of the FCG below the level of da/dN = 2 X 10~7 mm/cycle. For
both tested conditions minimally three specimens were used for
each structural state and direction. Only the FCG data measured
at increasing value of AK were recorded. The crack length was
monitored using an optical microscope and potential drop tech-
nique. The loading level was increased in such a way that each
additional increase in the AK value occurred only after the FCG
for the length corresponding to minimally three-fold of the PZ size.
Fracture surfaces were examined by a scanning electron micro-
scope.

3. Experimental Results and Discussion
The mechanical properties measured on specimens cut paral-

lel to rolling direction in the as -delivered condition are listed in
Table 2.

Mechanical properties and mean grain sizes Table 2
of tested steels

Steel | Ry, R, |RplR, | As Z KC12 dr
MPa | MPa | MPa % % |Tem | um
B 468 582 | 0.804 | 26.4 67.1 171 6.8
D 482 598 | 0.806 | 23.2 58.6 128 5.8
6 518 615 | 0.842 | 26.5 67.4 165 5.4
3 533 629 | 0.847 | 271 69.4 192 4.9

Comparing the data in Table 1 it is clear that in spite of the
different finishing rolling and coiling temperatures these steels have
significantly different mechanical properties. The results in Table
1 show that steel 3 has the highest levels of yield stress and tensile
strength also the highest elongation, reduction of area and Charpy
impact energy. Steels B and 6 have their strength and plasticity
about on the same level. The steel D significantly differs from the
others by about 15 per cent lower values of elongation, reduction
of area and by 25 per cent lower impact energy.

The microstructural analysis was conducted on sections in the
three principal directions in relation to the rolling direction. The
microstructures of the investigated steels in the as-delivered condi-
tion (the polished planes of the metallographical specimens being
parallel with the surface of the strips) are documented on Fig. 1

Chemical compositions of the materials used (mass %) Table 1.
Steel C Mn Si P S Al Nb v Zr
B 0.090 115 0.33 0.014 0.008 0.037 0.035
D 0.100 1.36 0.28 0.015 0.008 0.054 0.022 0.032
6 0.070 1.48 0.13 0.010 0.009 0.040 0.035 0.055
3 0.070 1.23 0.28 0.012 0.007 0.058 0.070 0.030 0.06
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while the mean grain values are listed in Tablel. Generally, the
microstructures were very heterogeneous consisting of larger irreg-
ular ferritic grains combined with significantly smaller and more
or less polyhedric grains. Locally the steels 3,6 and B to a limited
extent exhibited acicular ferrite while in the steel B also ferrite
with Widmanstatten morphology. In all of the investigated steels
except B grains larger than 10 um were present only sporadically
the preponderant grain size range was 4 to 8 um. In the steel B in
some areas grains of the size about 15 um were observed more fre-
quently i.e. the double of the mean grain size. Except of the steel
D all others exhibited on the metallographical sections perpen-
dicular to the strip surface and principally in the plane parallel to
the rolling direction elongated grains. This direction dependence
of the grain size was clearly detectable in steel B but especially
was pronounced only in steels 3 and 6. A detailed metallographi-
cal analysis of steels 3 and 6 showed that besides the finer grains
of steel 3 they are very similar microstructurally, i.e. by morphol-
ogy and type of the microstructural constituents. In spite of its
mechanical properties steel D exhibited the less heterogeneous
microstructure with frequent occurrence of small polyhedric grains
located along the grain boundaries of the larger more acicular
grains. The perlite in this steel had a more disperse morphology
and along the grain boundaries frequently were observed carbides
or particles of other phases, sometimes forming a continuous
envelop.
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The precipitation was investigated by means of carbon extrac-
tion replicas in a transmission electron microscope (TEM). From
Figs. 2-B to 2-Da which document the as delivered condition it
is clear that the sequence with the highest precipitation degree is
2-D, 2-3 and 2-6 respectively, while the lowest degree belongs to
steel 2-B, which was micro-alloyed only with 0.03 per cent of Nb.
The particles along the grain boundaries were observed mainly in
steel 3 and steel 6. The particles in steel 3 had thickness of 100 nm,
exceptionally 200 nm (Figs. 2-3a) and in steel D they had a thick-
ness above 500 nm (Fig. 2-Da).

The hardness values measured on annealed specimens listed
in Table 2 indicate the highest hardness increase was registered in
steels 3 and 6. It confirms the expectation since these steels con-
tained the highest a microalloying addition which is the principal
precondition of a successful precipitation hardening. It is supposed
that the precipitates were carbides and principally carbonitrides of
vanadium for which the highest precipitation rates is considered
to be about 600°C [1]. This affirmation is supported by the fact
that steel B which did not contain vanadium showed no additional
strengthening by annealing (Table 3).

On the other hand, the TEM observation of carbon extraction
replicas confirmed that annealing caused an increase in the density
of soft precipitates not only in steels 3, 6 and D but also in steels

Fig. 1 Microstructure of HSLA steels B, D, 6 and 3
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Test results of fatigue limits and hardness Tab. 3 B. It has to be assumed that probably the precipitates AIN also
before - after annealing participated in the precipitation process, having the maximal pre-
cipitation rate of about 700 °C or rather niobium carbonitrides,
Steel HB HB % o/R,, | oo/HB the precipitation of which at 600 °C/10 min resulting in a hard-
delivered | annealed MPa ness increase of 20 HV was observed also in [5].

B 183 184 327 0.562 1.78
D 186 191 317 0.530 1.66 The fatigue limit of smooth specimens was investigated only
6 191 203 335 0.545 165 in the annealed condition and on specimens cut parallel to rolling
direction, Table 3. This table also contains the calculated ratio
3 195 205 34 0.542 188 o_,/R,,, where R,, means the tensile strength in un-annealed con-

L oam
Fig. 2 TEM images of carbon extraction replicas for HSLA steels B, 6, 3 and D
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dition from Table 1. The small difference in hardness between
annealed and not annealed specimens and the observation that
annealing increases the yield stress [5] leads us to suppose that
the Rm values did not change by annealing. The relatively high
values of the o_/R,, ratio in the range 0.53 to 0.56 are in agree-
ment with the value o_,/R,, = 0.54 measured in another HSLA
steel group [6]. Therefore, we suppose that if the annealing had
any influence on o_, so it was only slightly positive as a result of
hardness increase.

The influence of annealing was clearly observed also by light
microscopy. In steels 3, 6 and B the acicular ferrite disappeared or
its amount was significantly reduced along with the decomposi-
tion of lamellar perlite resulting in the appearance of its less disperse
modification. A general statement can be done that annealing
resulted in a decrease of the marked microstructural heterogeneity
observed in the as -delivered condition. In steel D the microstruc-
tural changes were minimal. The most pronounced changes occurred
in steels 3 and 6 in which along with the above mentioned features
a significant reduction of the elongated grain shape due to rolling
direction was observed, being this more pronounced in the central
area of the specimens.

The results of microscopical analysis showed a good correla-
tion with the measured values of fatigue crack initiation resistance
on notched specimens and crack propagation rate changes at a given
level of stress intensity amplitude (AK) including the threshold
value (AK}). The results are resumed in Table 4.

It can be deduced from Table 4 that fatigue resistance anisotropy
occurred only in steels 3 and 6 due to elongated grains in the
rolling direction. When cracks grew perpendicularly to the elon-
gated grains the crack propagation rates were significantly lower
as in the parallel direction. The crack propagation rate values
measured on specimens with cracks oriented parallel to the rolling
direction in steels 3 and 6 were the same as in steel B (both on
specimens parallel and perpendicular to the rolling direction).

The lowest value of the fatigue crack growth (FCG) resistance
was measured in steel D in which independently on the rolling
direction the threshold values AK,, were by 15 per cent lower
when compared to steel B. In comparison with steel B the largest
difference (as far as 100 per cent) in FCG rate was observed in
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the range above the threshold value, but also at a loading level of
AK = 20 MPa.m'/? were difference in the FCG rates marked. The
highest threshold values AK,, and the lowest crack propagation
rates at a given level of loading were observed in steels 3 and 6,
when the direction of crack growth was perpendicular to the rolling
direction. In comparison to steel D cracks grow in this case in the
range above the threshold value four times more slowly and at
a loading level of AK = 20 MPa.m"/? three times more slowly while
the threshold values AK,, are about 50 per cent higher. Attention
has to be given to the fact that the threshold value for crack initi-
ation K, ,—, in steels 3 and 6 is lower than the threshold value
for crack propagation. This apparently contradictory experimen-
tal result can be explicated by the well-known effect of premature
crack closure, which occurs more intensively in specimens with
a longer fatigue crack [7]. From Table 3 it is clear that the anneal-
ing had either no effect on crack growth (steel B) or its influence
was negative. Differently from steel D, where the decrease of resis-
tance to fatigue crack growth as well as the decrease of the resis-
tance to crack initiation on notched samples can be considered as
insignificant, in steels 3 and 6 a significant degradation of both of
the above mentioned characteristics occurred. These results can
be explicated by the effect of annealing on suppression of differ-
ences in ferritic grain size in both directions relative to rolling
direction. Also the fact that steels B, 3 and 6 in the annealed con-
dition show minimal difference both in the threshold values
AK,;, =02 AK,, and fatigue crack growth rates expressed by the
parameter da/dNsx—» is in accordance with the results of the
metallographical analysis. The worst properties were observed in
steel D which exhibited even after the annealing cycle the thresh-
old values AK,, ,—,, and AK,, by about 20 per cent lower when
compared to all of the investigated steels in this work. Microstruc-
tures similar to steel D were observed in other HSLA steels annealed
at temperatures below Acl for a few hours, but not even in this
case a significant deterioration of resistance to FCG growth
occurred.

It is well known that besides the finishing rolling and coil tem-
peratures exist also many other factors which in certain circum-
stances may more or less influence the final steel properties. Among
the factors that may significantly influence the final properties
already in the early stages of the processing is the casting velocity
and casting temperature, the heating temperature of slabs as the
thermomechanical conditions of the rolling. The carbon content

Influence of annealing on fatigue crack initiation-growth resistance Table 4.
Microstructure condition Steel Direction to RD AK) p—00 MPa.m'"? | dajdN,y_,, mm/cycles AK,, MPa.m'"?
Initial condition B I, O 6.8 3.5.10°° 5.8
6.3 1 6.7 351077 5.8
6.3 0 7.2 15.107° 7.6
D 1, 0 5.9 451077 4.9
Annealed condition B I, O 6.8 35.107° 5.8
6.3 11 6.8 40.107° 5.8
6.3 0 6.8 4.0.107° 5.8
D I, 0 5.7 451077 48
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of steel D was 0.1 per cent, which is slightly above the limit where
the liquid steel passes through a peritectic reaction during solidifi-
cation. The transformation of the primary &ferrite to austenite is
accompanied by segregation processes and precipitation of dendritic
shape particles of the size over 500nm usually along the &-ferrite
boundaries or along the austenite grain boundaries. During the
subsequent stages of hot rolling or cold rolling this segregation
structure is deformed but the composition of particles except of the
carbon content is maintained as is maintained their effect on embrit-
tlement [8, 9]. The embrittlement effect of segregation processes
along grain boundaries may be pronounced by precipitation of
MnS, AIN inclusions or by nitrides and carbonitrides of the micro-
alloying elements (Nb, V, Ti), but also by the possible presence of
surface active elements (Sn, As, Sb, Bi) and impurities S, P, Cu,
Al [9]. Considering the composition of the steel D (Table 2) along
with the fact that observed the particles sizes along the grain
boundaries in TEM (Fig 2Da) is comparable with the size of par-
ticles formed in the peritectic reaction [10], it can be supposed
that exactly the segregation processes due to the solidification of
the steel D by peritectic reaction are responsible for the relatively
low values of elongation, impact energy and low resistance to fatigue
crack initiation and growth observed in notched specimens.

4. Conclusions

The general results of the investigation can be summarized as
follows:
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The annealing did not show effect on fatigue crack initiation
resistance of micro-alloyed steels in specimens with a notch
root radius p = 0.2, or insignificant (max.5 per cent) decrease
of AK,, ,—o., Was found.

The annealing caused in most cases a moderate but always
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the threshold values AK,, decreased by more than 20 per cent.
In the range above the threshold value up to the loading level
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ANEW APPROACH TO THE INTERPRETATION OF SIGNALS

FROM TEMPERATURE SENSORS

A basic approach in adaptive modeling of data acquisition is based on the comparison of real time data with the data previously predicted
from the adequate numerical model. Our research was initiated to find a better algorithm for prediction of fire growth in enclosed spaces by
means of interpretation of signals from fire sensors. The data obtained from temperature sensors are compared in a real time with predicted
data and are used to adjust the numerical model for prediction so that it matches the reality. This adaptive approach has the following primary
goals: early warning of fire growth, better alarm decision making, realization of an adaptive threshold (a threshold changing in the time accord-
ing to the input signal), very small false alarm rate, etc. In this paper we introduce a method that uses smooth spline polynomials for approx-
imation of the collected data and the time sliding window principle. The length of time sliding window varies in the real time and depends on

the calculated error.

Keywords: data acquisition, time sliding window, smoothing spline approximation, adaptive modeling.

1. Introduction

In the context of data acquisition adaptive modeling uses the
comparison of collected data with data predicted from a model to
determine behavior of the system during sometime period. Mini-
mization of differences between real and predicted data leads to
more appropriate predictions of the system behavior like: system
fault detection, detection of an accident situation in the early stage,
adaptation of alarm threshold, etc.

In general, the problem of adaptive modeling requires solu-

tion of two related problems:

1) To define an adequate method for approximation and extra-
polation (prediction) of the acquired data, and

2) To quantify the differences between collected and predicted
data and by using this quantification to correct the adaptive
model with the main purpose: to minimize those differences.

Functions for approximation can be constructed using the
weighted residuals method, WRM. Some of the procedures are the
least squares method, point matching method, etc. The simplest
choice are the polynomials of arbitrary order which must be less
or equal to the number of the remembered data for the current
length of time sliding window. Quasi-stationary problems can be
described with polynomials of any kind (specially splines of 2nd or
3rd) and prediction of the deterministic process is not a problem.
However, the system faults demand a more detailed analysis (such
as noise, fault peaks, etc.).

In systems where the collection of data is stationary (polling
in equal time distance), the simplest method, which is satisfactorily
accurate, is the least squares method with the polynomial approx-
imation of the detected signal. With this approach, the model is

* Milan Blagojevic, Dejan Petkovic

represented by a curve which lies between the data, and produces
the least sum of square error. According to the problem of adap-
tive modeling, an arithmetical mean obtained with the mentioned
method has to be compared with the real data and the difference
obtained in such a way is the condition for decision.

2. Time sliding window and real time reasoning

In real time systems data acquisition demands real time pro-
cessing. Because of that, the method and corresponding software
must provide time sliding. Consequently, it means that in the same
program the loop contains the retarded and advanced instruction.
Obviously, it is not possible and we have to simulate this algorithm
using a sliding window principle.

Comparing the results obtained from extrapolation and data
which the software accepts in real time, in every exact moment, the
difference can be used to adopt the next extrapolation (the next
time window). The extrapolation (prediction) has to be stated on
the arbitrary set of previously acquired data. Because of the nature
of a real time process, we must use the number of sensor data as
small as possible. If we choose to view the set of data in the time
window the length of which is constant, consequently we define
the time sliding window with a constant length. In our approach
the time sliding window has a variable length.

The time sliding window length is variable in time and depends
on an error, i.e. the difference between the predicted data and the
data that are acquired at every time instant. The measurement of
time in every sliding window begins from the relative zero time.
The method of variable length of the time sliding window includes
feedback that corrects the errors in prediction.

Faculty of Occupational Safety, Department of Fire Protection, 18000 Nish, Serbia, E-mail: milan@znrfak.ni.ac.yu
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Fig. 1 Time sliding window

3. Outline of the method

Our work is based on the approach which involves numerical
signal processing. Data from sensor are used to obtain an accept-
able extrapolation function. The next step is to compare the data
from sensors to previously expected (predicted) values.

The length of the time sliding window is variable in real time
and depends on the calculated error. This is the main problem, i.e.
which length of the time sliding window has to be chosen in every
time instant. Due to the equal time distance in data acquisition
the number of acquired data and the length of the time sliding
window are linearly interdependent. Of course, the number of pre-
dicted data is arbitrary, but the best results can be obtained with
only one next time point. This approach demands that the borders
of the time sliding window vary in real time simultaneously with
the window. This approach also leads to the best fit between the

REVIEWS

real time and the predicted data when the difference between those
two time series of data is used as a feedback.

The algorithm that uses the time sliding windows principle is
described here on data from temperature sensors. In every time
instant (7 + A7) the algorithm has to compare new data with the
previously predicted data and, depending on permitted difference,
to expand the window backward until the satisfactory accurate
approximation.

The algorithm for the data acquisition subroutine has to be as
follows (detailed [2], [3]):

Obviously, the described steps have to be repeated until the
mathematical model that describes the real state of a system gives
the results which are satisfactorily accurate.

A quantification of the difference between the new data and
predicted data can be provided in several ways: through an absolute
and relative difference or, better, through tools provided by func-
tional analysis. The framework of functional analysis allows to treat
time series as vectors and, consequently, various calculus in that
sense through the norm which provides a definition of the length
of the vector, inner product which provides the angle between two
vector and, finally, minimizing the difference between two vectors
by means of a projection coefficient.

The greatest advantage of this real time solution is a small
number of iteration, which would have to be made before the best
fit is established. Consequently, in buildings or environments with
more sensors it should be possible to use information from a variety
of systems to make decision.

4. Smoothing spline approximation in time sliding
window

Spline functions are the category of very useful non analytic
functions which consist of different polynomials on segments
(and thereby segmental-analytic) linked in specific points which
are called nodes.

; new acquired data in 7+ A7

2 - comparing new data with previous predicted data

if (maximum length of window not reached) then
- expand window backward

endif
endd

1 - approximation and prediction in window of current (initial/last calculated) length

3 - do until (difference between new data and predicted data greater then permitted)

-approximation and prediction in current window

Fig. 2 Algorithm
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The curve is piecewise cubic, that is, the coefficients of the
polynomial are different on each interval (segment).

y:k“ +k21x+k31x2 +k4]x3

V= k]z Akzzx + k32x2 + k42x3

Seg. 1
Seg. 2

. z \ X v
%o X % 3, &
Fig. 3 Spline polynomials

YAx) = kyy + kyx + kyx® kX, i=1,2,..m (1

The curve passes through the given data (x;, y;; i, ..., n). The
first and second derivatives are continuous at the node points. For
natural spline, the second derivatives at end points equal to zero.

For signal identification and, more important, for prediction
in the time sliding window, we used a smooth cubic spline approx-
imation of Schoenberg and Reinch with the modification discussed
in de Boor [5]. It is a natural cubic spline with knots at all the data
abscissas (for uniformly spaced data points), but it does not inter-
polate the data (x;, f;).

The smoothing spline is the unique function, which mini-
mizes

b
f S"(x)* dx (2)

Minimization of (1) establishes a compromise between two
conflicting goals:
1. to stay close to the given data, and
2. to obtain a smooth function.

These two conflicting goals may be expressed as

SC) =4 P

I AL )
Wi

N

i=1
where: w - weights,
o - smoothing parameter, and
N - length of the time sliding window (number of obtained
data in window) in every time instant.
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The parameter ¢ has to be chosen somehow and depends on
the weights. In [5] it is proposed to choose o somewhere within
V2N of Nin case V2N is a good estimate for the standard devia-
tion of the data. That is,

N-VaN=o=N+ V2N 4)

Simply, o represents a knob which one may set or turn to
achieve a satisfactory approximation to the data. More sophisti-
cated choice for o is based on an estimation of the noise in the
data obtained by a process called “cross validation”.

The choice of weights depends on the question “have all the
data the same importance for approximation” or “which data have
more importance for prediction”. For example, if we choose the
pulse function as weighted function in the time sliding window all
the data have the same importance for approximation, with trian-
gle weighted function the “oldest” and the “newest” data have the
least importance for approximation. Finally, the best choice for
weighted function is the linear function because of the “newest”
acquired data have the most importance for prediction.

In our approach, due to the quasistationary nature of temper-
ature in fire phenomena, we have defined weights of f; in the
window uniformly from O to 1, where the data on the right border
of the window (the last acquired data) have w = 1.

5. Numerical experiments

In order to prove the proper choice of smooth spline approx-
imation in the time sliding window, the described method built in
simulation software and we made numerical experiments on the
several sets of data. The data were chosen in the following way:
most of the data have almost the same value except one, two or
three data in the sliding window that have significant offset from
the signal level (noise, disturbance, etc.).

Y

I

i
® "real” data O prediction
approx. - smooth spline
————— interpol. - cubic spline
approx. - polynomial

Fig. 4 Interpolation and approximation in window
with maximum length
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In the first phase of the experiment the comparative analysis
between various interpolation and approximation methods was
done. The results are shown in Fig. 4 (approximation with polyno-
mial - least squares method, cubic spline interpolation and smooth-
ing spline approximation).

It is obvious from Fig. 4 that for systems which have distur-
bances and noise it is not possible to use the least squares method
to generate a satisfactorily accurate curve to the approximate
system behavior. The length of the time sliding window in this
example is eight data points, which is maximum for expanding in
the algorithm shown in Fig. 2.

Already in this stage of investigation, the experiments show
that smoothing spline approximation for various lengths of the
time sliding window leads to almost identical predictions. In order
to prove that fact a numerical experiment with the time sliding
window length of 4, 5, 6, 7 and 8 data points is carried out.

The data for applying smoothing spline approximation for
various lengths of the time sliding window and corresponding pre-
dictions are shown in table 1 and Fig. 4.

Predictions for various length of window Table. 1
"Real Approximation data and the predictions for
data" various length of time sliding window

1| 21.000 21.000
2| 22.000 22.000 | 21.995
3| 21.000 21.002 | 21.010 21.023
4| 20.000 19.982 19.929 | 19.878 19.830
5 22.000 | 22.054 | 22.275 | 22.454 | 22.600 | 22.730
6 | 52.000 | 51.421 51.087 50.879 | 50.697 | 50.534
7 21000 | 22.134 | 22.124 | 22202 | 22.289 | 22.372
8 | 22.000 | 21.428 | 21.522 21.530 | 21.524 21.514
9 21.000 | 20.721 | 20.921 20.857 | 20.759 | 20.656
Smooth spline polynomials for the first time
sliding window
22.000 T=22.054 + 46.9147 — 105.2807
52.000 T=51.421 — 5.7267 — 105.2807 + 174.4717°
21.000 T'=22.134 — 23.7707 — 69.1927* + 69.1927
22.000 T=21.428
References
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Obviously, the smoothing spline approximation is almost “insen-
sitive” to non realistic oscillation in data and, the most important
from the view of real time processing, the values of prediction
practically do not depend on the time sliding window length.

T

T

10

Fig. 5 Approximations and predictions for various window lengths

The results of smoothing spline approximation based on the
values from table 1 are shown in Fig. 5.

6. Conclusion

In this paper, the problem how to predict the development of
signal from temperature sensors is realized using smoothing
spline polynomial in the time sliding window. In this adaptive
approach the difference between the predicted value from the
model and the acquired value determines the length of the
window for the best approximation and extrapolation (predic-
tion). The greatest advantage of spline polynomials usage is that
this method of prediction is totally independent of the time sliding
window length. On the other hand, the application of functional
analysis shows that all comparisons in the sense of vector calculus
with various lengths of the time sliding window lead to almost
identical values of parameters as relative difference, cosine, etc.
Finally, the presented method is very fast and very convenient for
real time programming.
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COMMUNICATIONS: THE WAY OF TRANSMITTING MESSAGES
AND COMMUNICATION SKILL

Communication is woven in almost all branches of economy and art, either as a separate skill or as one of the segments in the interdis-
ciplinary approach. It is also a demonstrative and irreplaceable link in the study of various disciplines of management and marketing, as well
as in public relations. This paper, after a short basic characteristic of communication, gives detailed analysis about the way of transmitting
messages and communication skill. Special attention was paid to the understanding of the sender and the recipient, through the process of
coding and decoding of the information. At the end, a communication network established by combining verbal and non-verbal communica-
tion systems is analyzed.

Key words: communication, coding, noise, speech, rhetoric, information

1. Basic characteristics of communication

Communication is a word of Latin origin. It is derived from
a verb meaning “to make common, to report”, while the noun meant
“community, circulation, report”.

The very meaning of the words “communicare” and “commu-
nicatio”, which lead to the term communication, indicates that the
essence of communication is in fact a transition from the individ-
ual to the collective, a transition which contributes to establishing
a community and social behavior.

Communication (by Grinberg, 1998) can also be defined as
a process through which a person, a group or an organization
(sender) transmits a kind of information (message) to another
person, group or organization (recipient). This definition is graph-
ically shown in Figure 1. The diagram helps to better perceive the
various phases in the process of communication.

A communication process starts when one party has an idea
which it wants to transmit to another party, both parties being an
individual, a group or a whole organization.

The sender’s task is to transform that idea into a form which
can be transmitted to the recipient who will be able to understand
it. This process is called the coding process, and it represents trans-
lating an idea into a form, e.g. written or spoken language, which
the recipient can recognize.

This process is of primary significance if communication
should be clear.

When a message has been coded, it is ready to be transmitted
through one or more channels of communication to the desired
recipient, along the ways that information travels, through a tele-

* Zoran Cekerevac, Slobodan Risti¢

Railway College Belgrade, www.vzs.edu.yu, zoran.cekerevac@hotmail.com

phone line, television or radio signals, by mail or by Internet...The
form of coding largely depends on how the information is to be
transmitted; however, no matter which channel is used, it is impor-
tant to transmit the coded message to the desired recipient cor-
rectly.

Transmission through media channels

Fig. 1 Communication process

After receiving a message, the recipient starts a decoding
process, i.e. returns the message to the form of the sender’s original
idea. Various sub-processes may be included in this, such as under-
standing spoken or written words, interpreting facial expressions
and the like.

If the recipient has decoded the sender’s message correctly,
he/she will understand the idea which the sender wanted to trans-
mit. The ability to understand and interpret information is not
perfect. As in the case of coding, limitations in the sense of ability
to decode some information represent a potential weakness in
a communication process. A limitation can be an unclear message
as well.
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After the message has been finally decoded, the process can
be continued by the recipient transmitting a new message to the
first sender. This part of the process is called FEEDBACK - and
it represents the knowledge of what influence the message has had
on the recipient. Having received the feedback, the sender is able
to see whether his messages have been understood properly. At
the same time, the feedback may convince the recipient that the
sender cares for his/her opinion. Once it has been received, the feed-
back may provoke a new idea with the sender, which may start
a new cycle of transmitting information.

In spite of obvious simplicity of the communication process,
it rarely functions as ideally as it has been shown here. There are
many potential obstacles to effective communication. The factors
which damage the clarity of a message are called noise and they
can decrease the effectiveness of communication. Noise may be
either badly coded (e.g. unclearly written) or badly decoded (e.g.
unheard) messages, and also the channels of communication which
are full of statics (e.g. the recipient’s attention is diverted from the
basic message), as well as some other factors (e.g. time pressure,
organizational policy...). Noise may cause a distortion of informa-
tion which is transmitted from one person to another.

2. The way of transmitting messages and
communication skill

One of the key purposes of organizing communication is to
direct an action, i.e. to make other people behave in a desired way.
In order to achieve the aim, the so-called communication bridges
are established and obstacles and barriers are overcome. For this
purpose, techniques and methods of communication are used and
practiced, within different fields and spheres of business environ-
ment and social life.

The way of communicating is a skill which can be learnt, prac-
ticed and improved. As it has a tendency to create a human, good-
quality and esthetic element, communication may also have artistic
characteristics. The skill to communicate represents an activity of
the spirit which is changed and transformed in time and by expe-
rience. It simultaneously points to the art of living, the beauty of
a relationship with people, and raises the culture of communica-
tion to a higher artistic level.

It may be said that communication is woven in almost all
branches of economy and art, either as a separate skill or as one
of the segments in the interdisciplinary approach. It is also a demon-
strative and irreplaceable link in the study of various disciplines of
management and marketing, as well as in public relations.

At the moment of establishing any kind of relation, the fol-
lowing questions should be asked:
* Why do we communicate?
* Who do we communicate with?

D'M. Markovi¢: Poslovna komunikacija, CLIO, Beograd 2003
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» How to be accessible and flexible in that process?
» How to be polite, tactical and patient all the time?
« How to make a profound impression on other people?"

The moment of transmitting information is the most signifi-
cant in communication. Information is a notice, an announcement,
or a fact. It also represents the way of organizing, selecting and
creating a certain matter. Information should be reliable, checked,
controlled, as well as dynamic. It is not eternal but susceptible to
changes. The process of information flow does not consist only of
emitting, i.e. transmitting information, but it also requires receiv-
ing and decoding a certain message properly, as well as feedback.
There is no passive spectator in this process, even if one party in
the dialogue is more active in the verbal sense.

In the process of information flow, one party is a sender or
transmitter of information and the other is an active recipient.
The interaction includes transmitting a message and understand-
ing it properly. Whether the recipient will take and understand
a message depends on its contents, the choice of arranged signals,
and on the way of communicating the form (the functioning of
the system of verbal and non-verbal communication). Public infor-
mation and speech are sometimes quite wrongly connected only
with mass media communication, which narrows the field of action
for these categories, and frees a person from responsibility in indi-
vidual components. Responsibility is equally important in contacts
with only one person and when performing in front of a large
auditorium. In order to transmit messages and information of dif-
ferent sorts, no matter what type of communication is in question,
established signals, i.e. terms, must be chosen.

Public speech is different from everyday speech, because it
requires a special application of oratory. Oratory in a modern sense
is a complex aspect of verbal communication: it is all-inclusive,
informative, argumentative, competent and dynamic. The commu-
nicative dynamism is reflected in the way of transmitting mes-
sages. In the transmission of information, parts of a statement can
be noticed and codes must be chosen, which will lead to revealing
the meaning of a message during an information exchange. In
order that both participants in a conversation should understand
each other, thoughts must be formed in a simple way into an under-
standable statement by visualizing an idea.

Without entering the theory of meaning, we will only indicate
here how to influence recipients of messages in the most appro-
priate and objective way within a certain communication and
behavior. The communicator - speaker - has a complex task: how to
transmit a message and meaning in a desired context to the recip-
ient. He/she ought to find a system of signs which will correspond
to the broadest public and contribute to a clear, concrete, real and
objective delivery of a message. Feedback shows the degree of
understanding.

The outline of a communication process is shown in Figure 2.
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Fig. 2 Communication process with circular flow

Sometimes messages happen to be insufficiently understood,
or completely misunderstood and misinterpreted, which causes
a communication tension, misunderstanding, and even a conflict.
Thus, it is not only important to transmit certain information and
ideas, i.e. to pay attention to the contents of a message; the way of
transmitting those messages is of crucial significance.

That is why the sentence: “I do not understand” is often heard.
It is a good sign of warning which must not be ignored and rejected
without thinking. This sentence also offers very important infor-
mation. It represents a communication bridge for a very skilful
communicator, because it is a clear and sincere statement (infor-
mation) which cannot and must not be ignored. The communica-
tor must try to explain the information, to choose proper terms for
the desired idea, and to find another, better and more effective
way to transmit the message to the other participant in the com-
munication. Another sentence which is usually heard is: “I do not
agree!”. Therefore we can say that there are innumerable ways of
transmitting and receiving messages. In future, the above men-
tioned statement could be replaced by another: “I see it in a dif-
ferent way!”. The way of forming and transmitting a message
contributes to understanding it.

‘We should consider all levels of meaning which can be noticed
in a clear message (text, dialogue, gesture, or voice). It is under-
standable that there is also a wish and intention to influence lis-
teners or partners in a conversation with a subtext of certain implied
messages which are transmitted, and not only with a direct state-
ment. It is particularly noticeable in the sphere of art and political
life. Certain variants should therefore be found to make “hidden”
messages clear and understandable, and to lead their decoding to
understanding them.

Public communication skill does not consist of the quantity of
offered information but of the multitude of ideas and matter cre-
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ation. Communication is not an exchange of sentences but an
exchange of ideas formed in a conversation. Speech expression is
an important quality in a verbal communication. There are also
many signals in the sense of body expressiveness and movements
meaning, such as mimic, manual and situational movements, the
position of a body in space, etc. The activity in relation to the lis-
tener or partner in a conversation can be noticed, first of all,
through the opening to the partner or withdrawing from him/her.

Communication skill implies:
» speed;

+ economy;

+ organization;

* control;

« selectivity;

« trust building.

It is not enough just to have a good idea. It should, in a certain
way, be transmitted to the recipient of a message for the purpose
of communication. A speech shows the way of the speaker’s think-
ing. People often make mistakes trying to use many words to
explain an idea. It is much more important to find adequate images
and sounds, i.e. words transformed into understandable and inter-
esting visual impressions and sounds. In that way, the monotony
of the sequencing of words in a sentence is broken and the speech
can be perceived as a whole. A theoretical discussion and program
presentation may seem abstract. Businessmen have no confidence
in this method; they demand examples and evidence from prac-
tice. An idea will be best presented if it is shown in a simple and
practical way - visually and auditory.

Mastering the communication skill may be realized in the fol-
lowing phases:

a) observing and noticing certain characteristics of people and
things;

b) classifying these characteristics into groups: important and
unimportant; selectively noticing certain features necessary
for business communication;

c) adapting behavior, that is selecting certain communicative
skills necessary for successful business operations;

d) noticing the reaction of the partner in a conversation;

e) retaining, transforming or completely changing a certain behav-
ior. It should be mentioned that a change in behavior is a skill
and not flattering, i.e. giving up or deviating from own atti-
tudes. A change in behavior means adapting to the partner
(“walking with him/her”), improvising in looking for various
possibilities for a contact, reaching an agreement or a compro-
mise. A change in behavior shows certainty, self-confidence,
ability to control a whole process, and a complete domina-
tion;

f) noticing the moment of adaptation in the partner in a dia-
logue, as an attempt to establish bridges in a communication
and to show a wish to understand. This moment represents
the communicator’s first-class skill, for example, in the course
of complex negotiations;

g) noticing own mistakes and consequences which those mis-
takes have or may have on the process as a whole; attempting
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to eliminate the mistake without apologizing, but with a change
in behavior. To the partner in a conversation, it will be the
best sign that tactics has been changed or that there is aware-
ness of a wrong method selected which should be changed or
adapted;

scoring with no triumph - no one should show that he/she is
the winner or has a certain advantage after the negotiations.
Confidence and competence should not be proved by enjoy-
ing the achieved success and advantage - it goes without saying,
because it is a part of the job and professional responsibility
for a business operation.”

What causes a misunderstanding? There are many reasons,

among which are the following:

message is not transmitted in an understandable way - problems
with terminology;

conflict of many different ideas - unfocused thinking;
too much information (overburdening);

lack of information;

not understanding or misunderstanding a message;
not knowing the partner in a conversation;

noise, disturbance;

absent-mindedness, being not concentrated;
deliberate disinformation;

suppressing, hushing up a misunderstanding.

If a problem turns up in communication, it must be:

identified and defined, not ignored,;
considered;
solved.

In various forms of social communication, there are generally

two types of clients:

a)

b)

of

clients who are ready to be informed and to satisfy their
needs. Cheerful, pleasant and energetic tones are predominant
in a conversation with this type of clients;

clients who deliberately use a form of aggressive behavior to
get an advantage in communication, to impose their own
opinion and ideas.

The signs of non-verbal communication are a good indicator
which type of clients is in question, and if they are noticed in

time they can give the speaker a certain psychological advantage.

be
a)

b)
c)

d)

A good relation between the partners in a conversation may
established in the following way:

listening to the partner and making deliberate pauses during

the speech;

applying the technique of cross-examination;

ignoring the personal moment and exaggerated emotional

reaction (in the case of an aggressive and possessive client);

applying a quiet, central and assured tone;

e)

g)

REVIEWS

applying an active relation, without withdrawing, in order to
build up a solid business contact;

appearing self-assured in the sense of:

- body attitude (straight spine),

- looking at the partner,

- calm and confident movements,

- well-balanced movement in space;

reaching an agreement or a compromise.

The negotiations with a difficult client may be successfully

ended only if the speaker is sure of himself/herself, if he/she is
consistent with his/her personal viewpoints and arranges well the
time in which he/she will say everything that is necessary in
a precise, clear and concise way.

Contacts are established by creating a pleasant atmosphere

for conversation, through an activity directed to the listener or
partner in the conversation, and the motivation to reach a mutual
viewpoint, while respecting the partner’s opinion.

Sometimes a speech - words - cannot express primary emo-

tions. The verbal expression of messages may seem too direct and
exclusive, particularly when we have to break the news which is
not affirmative. Therefore, as a very important system of signs,
voice expression and body language (movement, gesture, position,
and attitude) can be used to transmit a particular message. Body
language allows a certain distance, and it is less likely that the
partner in a conversation will be hurt by this way of rejection.
Non-verbal communication in a positive way draws attention from
a basic, simple and simplified verbal expression to a multi-layered
expression.

A communication network is established by combining verbal

and non-verbal communication systems. It includes several seg-
ments:

a)

b)

The speaker’s intention - motivation for a conversation or
speech. Even Aristotle recognized three types of technical
methods of convincing:
« the first is achieved by the speaker’s character,
» the second is achieved by the mood created in the listener,
« the third is achieved by the very speech, and the speech
should contain three parts:
« sources from which methods for convincing are derived,
« the way of making a speech (discussion, style, composing
and giving a speech),
« the arrangement of the parts of a speech;”
The dynamic movement of a verbal act - can be followed
through an analysis of a conversation. In the contents of every
conversation there is a sentence or a part of sentence which
is particularly emphasized semantically. It is the most impor-
tant point in a dialogue - the argument or the focus of a verbal
act;

¥ M. Marinovi¢, Poslovna komunikacija sa poslovnim bontonom, pp. 17-21, CLIO, Beograd 2003
3 4 Aristotel, Retorika 1; Retorika 3: Novi Sad 1997
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¢) The process of listening - psychological, acoustic and cogni-
tive elements participate in this complex process equally;

d) Non-verbal communication which represents a complex system
and can be viewed as a single movement and a series of move-
ments - gestures, and as a pose, the position of a body in
space, an arrangement of groups in space, etc.

3. Conclusion

The key purpose of communication is to direct an action, i.e.
to make other people behave in a desired way. During that process,
communication bridges are established, and obstacles and barriers
are overcome. For that purpose, various techniques and methods
of communication are used and practiced, keeping in mind a variety
of fields, spheres of business environment and social life. The way
of communicating is a skill which can be learnt, practiced and
improved.

The most important moment in communication of any kind
is the preparation which demands creating, opening and complet-
ing data bases, and then making a strategic and operational plan.
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Thus, these plans depend on the essence of an analysis. A situa-
tional analysis is a very important moment and consists of the
correct answers to the questions: Who communicates? How
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master the skill of communication must try to find answers to
these questions.

They reveal and show the purpose of a compact process - why
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