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ABSTRACT

The study presents the results of the research on the rate of fatigue crack growth subjected
to bending in the ferritic-pearlitic structure. The studies were carried out at a constant amplitude
of the moment and at various values of the load ratios R and at the operating frequency of the
machine of 28.4 Hz. Flat specimens made of S355 steel and with fillet welds and with double-
sided blunt external notches as well as concave and convex welds were tested. The tests were

performed on specimens without and after relief annealing. The study showed that the heat
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treatment had an influence on the dispersion of the test results described by the energy
parameter. It was also observed that the effect of the applied treatment increased the rate of

fatigue crack growth.

Keywords: Welds, FCGR, Heat treatment, J parameter

Nomenclature

a - length of crack

h - height of weld

r - radius of the stress concentrator

t - thickness of specimen

w - width of weld

As - percentage elongation after specimen breakage
da/dN - rate of fatigue crack growth

E - modulus of longitudinal elasticity

Fg - loading force

K, - theoretical factor of the notch stress concentration
M - bending moment

n' - cyclic strain hardening exponent

N - cycles number

R - stress ratio

A - J-integral parameter range

AK - range of stress intensity factor

Ac - range of stress
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v - Poisson‘s ratio

o - yield strength

Gu - ultimate strength
Abbreviations

BEM - boundary element method
CTOD - displacement of the opening of the tip of the crack
FCGR - fatigue crack growth rate
HAZ - heat-affected zone

HT - heat treatment

SIF - stress intensity factor
TIG - tungsten inert gas
Subscripts

a - amplitude

I - mode one

1. Introduction

One of the main goals in the design structure process is the efficient use of material
properties. Such a structure must meet the safety conditions in accordance with the standards.
One of the main factors taken into account when designing is, apart from safety, the economy.
The role of scientists is to carry out research and focus on the durability and susceptibility to
the development of fatigue cracks in the structure. Which will contribute to the fact that the
structures are more durable and work in failure-free conditions for a long period of time [1,2].
Many structures are joined by welding methods that are durable and relatively cheap. Welding,

as a method of inseparable joining of elements, is widely used in various branches of the
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industry [3]. For this reason, this topic is of interest to many scientists, and the results of the
research are presented in journals around the world [4,5]. However, due to the constantly
growing need to improve the quality of welded constructions, and thus increase their safety and
durability, it is still very desirable [6]. The current science focuses on creating such welded
joints that effect the durability and reliability of these joints [7,8].

The idea of employing energy-based approaches to material fatigue started from the
pioneering research of Prof. Lazzarin [9,10] and is still very interesting for scientists which are
reflected in new approaches [11].

The paper shows how different shapes of welds, load and heat treatment influence the fatigue
life in the energy approach. The presented research and analyzes may be useful in the design of
welded joints and the influence of various factors on the joint.

The work [7] also investigated the effect of various types of welds and related imperfections on
the growth of fatigue cracks (using SIF for description) under tension and torsion.

In the study [12], the welded elements which were damaged during cyclic loads were analyzed.
During the tests, it was found that the type of material, the type of notch and the load amplitude
are the factors influencing the cyclical lifetime of the tested welded elements.

In ref. [13], the influence of the cyclic load on the redistribution of residual stresses in the area
of the joint face of the butt-welded was investigated with the use of numerical simulations.

In ref. [14] for welded joints, a local approach was used to predict the cyclical life of sharp
notched elements. The research is based on analytical expressions of the local stress field and
presents a simplified form that is oriented towards practical application.

The goal of the study is to show the research results on the rate of FCG used for welded
components of the tested material without and after relief annealing, subjected to bending for

various stress ratios R, in terms of energy described by the J-integral parameter.
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2. Research procedure
2.1. Material and its properties

The material of this study is the S355 structural steel [15]. The geometries of the specimens
for testing the fatigue crack growth were characterized by symmetrical side concave and convex
welds and are presented in Fig. 1. The samples were made of two parts joined together by fillet
welds from a drawn rod of diameter 30 mm [5]. The specimen surface was made by milling,

and in the next step polished with sandpaper of various grit.

Figure 1.

The chemical mixture and static properties of S355 steel are shown in tables 1 and 2. The

research was done at the Opole University of Technology.

Table 1.

Table 2.

Welded joints were obtained by the TIG method with the use of an argon shield. W-42-2-W2Sil
welding wire was used in the welding process in accordance with EN ISO 636 [16]. All samples
were previously checked by non-destructive testing [17]. Non-destructive tests were aimed at
eliminating specimens with defects (discontinuities), that could affect the test results. The
studies on the development of ruptures was performed on solid specimens and two types of
welded specimens (concave and convex welds) without HT and after application relief

annealing. Relief annealing was performed at a temperature of 630°C for 2 hours.
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The welded joints in the specimens were made manually according to Figure 1 (global geometry
of specimens). During the tests, differences in the local geometries of individual samples were
observed. The specimens with the largest geometry differences were rejected. Slight differences
occurred mainly in the radii at the weld toe p. In specimens with concave welds, the p radii
were within the range of 2.0 + 2.5 mm. In specimens with convex welds, the values of the radius
at the bottom of the notch p ranged from 0.2 to 0.28 mm. The leg length of the welds L for all
welded specimens was within the range of 2.6 + 2.75 mm. The weld inclination angle B for
concave welds ranged from 168 to 174°, and for convex welds it was much smaller and ranged
from 108 to 122°. The determination of the local geometry for the tested specimens is shown

in Figure 2.

Figure 2.

The OLYMPUS IX70 optical microscope was used for metallographic studies using polarized

light. Figure 3 shows the joint structures without and after heat treatment.

Figure 3.

The Vickers method was used to test the hardness. The microhardness was checked on a LECO
MH200 device with a loading of 0.98 N. The time of loading application used in the hardness
tests was approximately 3 s. The tests were performed based on the EN ISO 9015-1 standard

[18].
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2.2. Fatigue test

The fatigue crack growth rate was tested on the setup of fatigue machine MZGS — 100 shown
in Figure 4 [19, 20]. During the tests, the bending moment amplitude was controlled (load with
a controlled force) with a sinusoidal waveform and works under loading frequency of 28.4 Hz.
The theoretical factor of notch operation, K, in the solid sample with concave and convex welds
subjected bending was computed according to model [21] and equals to 1.38 and 1.56,
respectively. The specimens fixed on one side were tested at the constant stress ratios R =- 1,
0, and the moment amplitude, M, = 9.2 N-m. The value of this moment after conversion gives
the stresses of 6, = 383 and 766 MPa (for a solid sample). Bending was carried out on a lever,
the length of which was 0.2 m. The increase in fatigue cracks was visually seen on the sample
area (light microscope - 20x magnification) and measured with an mounted micrometer. The
fatigue life of N was regularly recorded. The measurement results are presented in the form of
graphs of the length of crack as a function of the cycles number N, as well as the diagrams of

the rate of growth of fatigue cracks as a function of the AJ; parameter range.

Figure 4.

3. Results and discussion

In carrying out the fatigue investigations, the initiation and growth of fatigue cracks in the
welded areas was observed. The crack development was most often observed unilaterally in the
specimen. Figure 3 shows the joint structures without and after heat treatment. The welded
structure (with both concave and convex welds) without heat treatment is shown in Fig. 3a,
which shows the shape of the dendrites and has the Widmanstatten structure. The material

structures of the samples changed after subjecting them to heat treatment (HT). After applying
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HT, where the material of the welded sample after annealing, it was characterized by the grains
of bainite and sorbitol observed in the HAZ and the welds. This structure is shown in Figure
3b. The base material consisted of fine and very fine grains of ferrite and perlite, respectively,
and was streaked.

Fig. 5 shows the averaged values for two types of welds (concave and convex welds had similar
hardness in individual zones) and three zones occurring in the joint, such as starting metal, heat

affected zone (HAZ) and weld.

Figure 5.

The microhardness in welds before and after heat treatment was measured and it was found that
after annealing, the hardness of welded joints decreased significantly. The microhardness of
welds with non-applied HT changed from the lowest for the base material to the highest in the
HAZ, while after heat treatment the microhardness was less fluctuating than without HT [4]. In
the case of a joint without HT, the highest microhardness was recorded in HAZ, and the lowest
for the parent material, but they were higher than the microhardness after HT. The shape of the
weld had little effect here. Before HT, the microhardness ranged from 188-274 HV ;, and after
heat treatment it was 125-154 HV, ;. The hardness of the fundamental metal for the tested
specimens is very similar. In addition, hardness changes were observed due to the influence of
carbon or the lack of it in the martensite layers. The greatest hardness is noted in fusing into the
HAZ. The confirmation of the greatest hardness for HAZ in the area of fusion is given in [22].

Whereas, looking in the direction the weld metal, the hardness decrease.
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When carrying out the tests, the propagation on one side of the specimen was first observed,
and after the period of the cycles number, the propagation of the rupture on the other side of the
specimen was also noticed.

Fig. 6 shows the FCG in relation to its durability for specimens without heat treatment and R =
-1, 0, and Fig. 7 presents the results for samples after relief annealing and the same stress ratios.
As shown in Figs. 6 and 7 the greatest durability has samples made of fundamental metal for R
=-1and 0, as well as applied or not heat treatment. Then the fatigue life of S355 steel decreases
for concave and convex welded specimens. Since convex welded specimens have sharp
notches, initiation and propagation are the fastest in them. After applying the HT, we can see
that the order of the crack growth in the welded specimens is preserved. There are noticeable
differences in the durability of solid and welded samples without and after HT for R = - 1 and
0. The hardness of the specimens in different zones has an influence on the different durability.
The lowest hardness is for a solid specimen, which is 189 HV,; without HT, and 127 HV,
after HT. On the other hand, the hardness of the sample with welds without HT ranged from
197 to 284 HV, 1, and after heat treatment it is in the range of 132-142 HV,y ;. The hardness of
the specimens influences the FCGR, and this, in turn, also affects the obtained experimental

coefficients (C, m).

Figure 6.

Figure 7.

Due to the fact that from the beginning of the crack measurements, the stresses are greater than

the yield strength and increase as the rupture develops, the energy approach with the range of
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parameter AJ was used for the calculation of changes in stresses and strains. The investigation

results for the FCGR (shown in Figs. 8, 9) were described by the relationship [23]

da m
o - can) (1)

where C, m — constants in research from equation (1).

The energy parameter AJ; was computed from [24]
AT, =AK?/E+nY’M,a(AcAe, /+/n') 2)

k
where M, =C- (%) - the coefficient that includes the structural notch, i.e. the shape and size of

the weld in the welded joint [25], while the coefficients B, k and Y are given in [5], Ag, - plastic

deformation at the rupture tip.

In the calculation of the SIF and J parameters in the samples, a numerical approach was used
with the using of Franc3D software [26]. The computations were made using BEM, introducing
a nonlinear model of material. Stress, CTOD and SIF computations were made for the 3-
dimensional geometric models of the samples. The triangular boundary elements were
employed to reflect the geometry of specimens(the solid specimen had 1,580 elements, 1,085
the sample for concave joint and 1,810 for convex joint). During numerical computations, the
points of crack initiation corresponding to the crack initiation in the research for similar loads
and directions of rupture development were modeled. The calculated stresses, strains and SIF

parameters made it possible to determine the J parameter from the equation (2).

The models of samples used for numerical calculations were made in the ABAQUS software,

from which the results in the form of maps of stresses and strains were obtained. The
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FRANC3D software was used to numerically generate crack growth paths. The crack initiated
in the course of modeling is subjected to numerical analysis, as a result of which the program
calculates changes of stresses on the front of the crack. Then, it calculates the SIF and on this
basis determines the specific values of the crack growth path. The FRANC3D software
performs calculations of the FCGR, most often based on the stress fracture model, e.g. using
the Paris equation. Numerical analyses were performed in the elastic-plastic range. The finite
element meshes in numerical models were built from tetrahedra. In the samples with concave
welds, the initial number of elements was 308,026, and in the samples with convex welds, it
was 302,092. In each of the samples, the highest density and smallest size of finite elements
were modeled in the area with the highest concentration of stresses and cracks. The smallest
size of the finite element was 0.02 mm. Figure 10 shows a diagram of the modeled restraint and

loading of samples with a pair of forces.

Figures 8 and 9 show the experimental results of the FCGR against the AJ. The graphs in Fig.
8a for stress ratio R = -1, we can observe that in the initial crack period of the solid specimen,
the rate of FCG is da/dN = 1.00-107 m/cycle, the velocity increases, and before the sample is
damaged, the value is da/dN = 1.85-10-7 m/cycle [7]. Welded specimens (Fig. 8a), the velocities
at the beginning are similar and for samples with concave welds they are da/dN = 1.33-107
m/cycle and for convex joints specimens, the velocity is da/dN = 1.20-10"7 m/cycle. Then, for
convex joints samples, the rate of crack development increases to a value of da/dN = 5.20-107
m/cycle, and for samples with concave joints, the rates of crack development reach a value of
da/dN = 4.13-107 m/cycle. In fig. 8b for R = -1 we can see a very good correlation of the test
results for all samples (both solid and welded) with the calculated results, which causes the
effect of heat treatment. The results of tests and computations for the three types of specimens

coincide. A similar, but slightly worse correlation of the test results is observed in Fig. 9b for
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R = 0. This behavior of steel is caused by the residual stress in the welds (the values reached a
maximum of 280 MPa [17]) and the lack of homogeneity of the structure in the tested samples
in which HT was not used. In both full and welded samples for two R = -1 and 0 (Figs. 8a, 9a)
without relief annealing, a greater scatter of results is observed than for samples after heat
treatment. In all cases of the tested specimens relief annealing was applied, a clear increase in
the propagation velocity was observed. With the use of heat treatment, the slope of the Igda/dN
- lgAJ curves becomes steeper for both R = - 1 and 0. Comparing the results in Figs. 8 and 9
for R = -1 and 0, it can be noticed for R = 0 a clear increase in the value of AlJ; both for
specimens without and after heat treatment. A shift of the cracking curves 1, 2, 3 is observed
from AJ; = 1.00-102 MPa-m to AJ; = 1.00-10-! MPa-m. In Fig. 8, for the same range of AJ; =
1.00-102 MPa‘m, an increase in the FCGR can be observed for the sample with concave and

convex joints compared to a solid specimen. We observe a similar behavior also for R =0 (Fig.

9).

The durability of the solid specimens is in all cases the highest. The durability of specimens
with concave joints is little lower than that of solid specimens, but higher than those of
specimens with convex joints, because a sharp concentrator stresses weakens the convex joints
and makes them the least durable.

Figure 8.

Figure 9.

Figure 10.

Fatigue cracks initiated symmetrically in both types of welded specimens, as visualized in the
macro-images shown in Figures 11a and 11b. The fractograms shown in Figure 11 demonstrate

the dominance of the fatigue fracture mechanism. However, due to the significant contact areas
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of the fractured specimens, significant slip and crush zones resulting from the mutual contact
of the specimens were also visualized. This is particularly evident for the concave type
specimen in the zone marked by the box - Fig. 11a - on the bottom of the specimen. Similar
areas, were observed in smaller proportion in convex - Fig. 11b specimens, where the dominant
fatigue mechanism at crack initiation was apparent. Stable crack growth was observed up to
2,5-3 mm in case of the concave welds — Fig. 11c. The areas of stable propagation for the
convex weld are shown in Figure 11d. Analyzes were made for a rupture of approximately 1.11
mm and a propagation rate estimated to be 1-2:107 m/cycle. In this area, a typical
transcrystalline crack growth mechanism was observed through ferrite and pearlite grains with
small shear areas (flat surfaces). The possible mechanism of the formation of shear regions is
due to the residual compressive stresses arising during welding, and focusing in the area of the
rupture tip in the tested types of joints.

Figure 11.

The coefficients C, r and the exponent m used in the equation (1) were obtained from
the results of research using the least squares method and are shown in Table 3. In all cases,

except for Fig. 8a, curve 2, we can see large values of the coefficients of correlation r.

Table 3.

4. Conclusions
The research results on the rate of FCG in cyclic bending revealed that:
1. It has been shown that the geometry of the weld face (convex or concave) significantly

affects the durability of the entire joint.
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2. Stress relief annealing reduces the variation in hardness of the HAZ and the welded
joints with respect to the hardness measurement of samples in which the heat treatment
process was not applied.

3. It was found that the samples in which HT was applied had a higher rate of crack
development compared to the samples where HT was not applied for both R =-1 and 0.

4. Tt was noticed that in the samples after HT there were a smaller scatter of the results of
the rate of FCG described by the AJ parameter than in the samples where HT was not

used.
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Fig. 1. Illustration of a sample with welds: a) concave, b) convex (unit: in millimeters).

Fig. 2. Local geometry of the weld toe: a) concave, b) convex.

Fig. 3. The microstructure of the joint in HAZ for a) HT was not used, b) relief annealing was

applied.

Fig. 4. The setup of fatigue machine MZGS-100 [13, 14] in which itis: 1 —sample, 2 —head

with a grip, 3 - base, 4 - grip, 5 - lever, 6 - electric engine, 7 - swirling disc, 8 - weights, 9 -

springs, 10 - smooth drive belt, 11 - actuator plate, 12 - spiral spring, 13 - adapter.

Fig. 5. Hardness measurements with the division into different zones occurring in the joint.

Fig. 6. Length of crack for R = - 1 and three types of specimens: a) HT was not used, b) relief
annealing was applied.

Fig. 7. Length of crack for R = 0 and three types of specimens: a) HT was not used, b) relief
annealing was applied.

Fig. 8. FCGR-AJ; parameter curves for R = -1 and specimens: a) HT was not used, b) relief

annealing was applied.

Fig. 9. FCGR-AJ; parameter curves for R = 0 and specimens: a) HT was not used, b) relief

annealing was applied.

Fig. 10. Diagram of restraint and loading of numerical models.

Fig. 11. Fractograms of specimens after FCGR test of a) concave joint — macro view, b) convex

joint — macro-view, c) concave joint — stable area of crack development — length of crack 2.8

mm, d) convex joint — stable area of crack development — length of crack 1.1 mm.

Table 1. Chemical mixture of the tested material (in wt%).

Table 2. Static properties of the tested material.

Table 3. The coefficients C, m and r from equation (1).


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

Figure 1

a)
specimen with concave welds AA
A —
125 _I Ra032
—=3 (2.5 i\
%
i :
N
8 3 g8
it 40 40 005 %3
90 -0.1
s
b)
specimen with convex welds A-A
A —
r2.5 —l 2.5 Ra0.32
w . \
0 3 €3
S5 40 = 40 33
4
Figure 2



http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

A\ MOST

specimen with concave welded joint

A

/

b)

specimen with convex welded joint



http://mostwiedzy.pl

Journal Pre-proofs

Figure 3

a)

—_
el

|d-Azpaimisow wouy papeojumoad AZAIIM LSOW

———

==


http://mostwiedzy.pl

Journal Pre-proofs

Figure 4

|d-Azpaimisow wouy papeojumoad AZAIIM LSOW

———


http://mostwiedzy.pl

/\/\\ MOST WIEDZY Downloaded from mostwiedzy.pl

Figure 5

280 { =e= sp. stress relief annealing - 1

1| =#— sp. without heat treatment-2 |
260 : : i At

240 -

M
ha
o

g

b
oo
o

Hardness HV

3

140

120

Base metal HAZ Weld metal

Figure 6


http://mostwiedzy.pl

A\ MOST

b)

45 I
Bending
4 4 Steel 8355 e S =
Ma=92N-mR=-1
H
35 1|0 solid specimen = A
Aspecimen with concave
3 H welds Q
o specimen with convex welds
‘E‘ 2.5 FAN
E O O
= 2
© O
1.5 BA -
A
1 e =
& qr
0.5
ey e
0
50000 60000 70000 80000 90000 100000
N (cycles)
4.5
Bending
4L annealing 630°C, 2h - % -
Steel S355 = =
Ma=9.2N-mR=-1
35 !
O solid specimen
3 S5 =
A specimen with concave
welds
z 2.5 0 specimen with convex welds ray =
E 6]
© 2 e i &
o ~ Jily ]
A O
1 A u
O
05 ~ AA = Ol
O © FAN O
0 A O
8000 13000 18000 23000
N (cycles)


http://mostwiedzy.pl

A\ MOST

Figure 7
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Figure 9
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Figure 10
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Table 1
C Mn Si P S Cr Ni Cu Fe
0.2 1.49 0.33 0.023 | 0.024 0.01 0.01 0.035 Bal.
Table 2
o, (MPa) o, (MPa) E (GPa) v As (%)
357 535 210 0.30 21
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Table 3

Figure raph C, m r

£ grap m/(MPa-m)™ cycle

8a 1 4.037-107 0.273 0.951
8a 2 3.360-107 0.574 0.872
8a 3 8.179-10¢ 0.824 0.990
8b 1 3.010°10°° 1.023 0.999
8b 2 4.412-10°3 1.108 0.999
8b 3 4.637:10°3 1.078 0.998
Oa 1 2.999-10¢ 1.196 0.998
Oa 2 4.551-10° 0.925 0.999
Oa 3 2.262:10°3 1.473 0.999
9b 1 3.451:10° 0.691 0.993
9b 2 7.196-10° 0.847 0.999
9b 3 6.282:10° 0.753 0.999
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Highlights

e The effect of HT and different R on the durability of the samples was explored.

e The effect of the energy approach on FCGR was explored.

e Description using the energy model showed better predictive than other approaches.

e The hardness in the HAZ and the joint is greater than that of the starting metal.
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