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Abstract

The objective of the paper is to study the influence of the mismatch effect on high-strength steels and to determine fatigue crack
propagation design curves. In order for determination and comparison of the fatigue resistance, fatigue crack growth tests were
performed on S690QL, S960QL quenched and tempered, and S960M thermomechanically rolled high-strength steels. Fifteen-
millimeter- and 30-mm-thick base materials were used for our investigations. Welded joints were made from these base materials,
using gas metal arc welding with matching, overmatching, and undermatching filler metals. In the paper, the performance of the
welding experiments will be presented, especially with the difficulties of the filler material selection; along with the results of the
fatigue crack growth examinations executed on the base materials and its welded joints. Statistical aspects were applied both for
the presenting of the possible locations of the cracks in the base materials and the welded joints and for the processing of the
measured data. Furthermore, the results will be compared with each other, and the possibility of derivation of fatigue crack

propagation design or limit curves will be referred.

Keywords High-strength steels - GMA welding (GMAW) - Mismatch - Fatigue cracks - Design

1 Introduction

Nowadays, one of the basic trends of vehicle industry is the
environmental impact reduction, in other words, the consump-
tion reduction due to weight decreasing, which can be
approached from materials science of view, by applying dif-
ferent high-strength materials [1] (steels [2—4], aluminium al-
loys [5], and composites [6]). In case of different vehicles, the
main joining technology is the welding, the conventional and
advanced methods of fusion and pressure welding. Beside the
environmental impact reduction, the reliability and safety re-
quirements according to structural elements of vehicles have
significant grown; at the same time, statistical data show that
third portion of damages leading to fracture occur in welded
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joints, while their near four fifths happen to cyclic loaded
structural elements.

During the welding process, the elements are affected with
heat-effect and mechanical loads, which result in inhomoge-
neous welded joint [7]. The inhomogeneity of the welded
joints appears both in microstructural and in geometrical as-
pects. In case of structural relation, zones with different mi-
crostructure and dissimilar behaviour come into being, in case
of geometrical relation, it shows up in form as material dis-
continuities and locations for stress concentration. The chang-
es in microstructure and geometry materialize in deflections
(acceptable), or rather in failures (unacceptable); and these
influence the behaviour of welded joints and their loadability.
Discontinuities in materials have especially high danger in
case of cyclic loading conditions, which are typical for vehicle
structural elements.

All these together explain that our research work has fo-
cused on the high-strength steels from the world of materials,
on the welding technologies from the manufacturing process-
es, and finally, on the cyclic loads from the different loading
conditions. Different high-strength steels and the gas metal arc
welding (GMAW) method were chosen; and the investiga-
tions were focused on fatigue crack growth (FCQ) tests.
Individual FCG test results can be found in the literature, the
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Table 1 The thicknesses of the base materials [mm], and the chemical composition of the base materials and filler metals (wt%)

Material designation Thickness C Si Mn Cr Mo Ni S P Ti A% Al
RUUKKI Optim 700QL 30 0.14 030 096 0.60 0.19 - 0.002  0.009  0.02 0.005  0.05
SSAB Weldox 700E 15 0.14 030 1.13 030 0167 - 0.001  0.007  0.009 0.01 0.03
SSAB Weldox 960Q” 15 0.16 023 125 02 - 0.04 0.001 0.008 0.004 0.04 0.06
VOESTALPINE Alform 960M 15 0.09 032 163 059 029 0.03  0.001 0.009 0.016 - 0.041
INEFIL NiMoCr® N/A 0.08 050 160 030 025 1.50  0.007 0.007 - 0.09 -
Thyssen UNION 85 N/A 0.07 068 061 029 0.61 173 0.010 0.006 0.08 0.01 0.01
Thyssen UNION X90 N/A 0.1 0.8 1.8 035 06 23 - - - - -
ESAB OK Tubrod 14.03% N/A 0.08 051 1.61 002 055 227 - - - 0.01 -
Thyssen UNION X96 N/A 012 080 190 045 055 235 - - - - -

Y Cu=0.01, Nb=0.016, B=0.001, N=0.003; ¥ Cu=0.12; ® Cu=0.06; ¥ Cu=0.02

effect of stress ratio (R) was investigated and compared on
S355 and S690 Q + T steel grades [8]; and the effect of water
quenching (in other words the different microstructure) was
tested on RD480 steel [9]. The mismatch effect and other
influencing factors on fatigue life were studied on HSLA-80
steel, each specimen on undermatching, matching (or equal
matching), and overmatching welded conditions were inves-
tigated [10—12]. In our research work, statistical approach was
applied during both the preparation and the evaluation of the
investigations, which have been allowed the expansion the
effectual range of the results and the increasing of reliability.

The paper summarizes and presents the results according to
our FCG investigations on different quenched and tempered
(Q+T) and thermomechanically rolled (TM) high-strength
steel base materials (BM) and their GMAW joints (WJ).
Different mismatch conditions were applied during the
welding process; therefore, specimens from matching (m),
overmatching (om), and undermatching (um) welded joints
were tested. Furthermore, we also refer to the possibility of
derivation of fatigue crack propagation design or limit curves
cover all cases.

2 Mismatch effect, materials, welding
characteristics, and fatigue crack growth tests
circumstances

2.1 Mismatch effect

The selection of the filler metal in case of the high-strength
steels is a very important and complex task. Thin advanced
high-strength steel (AHSS) sheets can be successfully
welded without filler metal, although in some cases, it
may be disadvantageous to the weld quality (cracking phe-
nomena, reaching the strength level). It is necessary to take
into consideration that in the case of the examined steels,
filler metal cannot be ignored; therefore, based on the ratio
of the mechanical properties of base material and filler met-
al, matching (m), overmatching (om), and undermatching
(um) filler metals can be used. In case of matching condi-
tion, the evolved mechanical properties of the joint are
equal or nearly the same as the base material. In the
undermatching case, the mechanical properties of the joint
are lower than the base material properties, while in case of

Table 2 The mechanical

properties of the examined base Material designation Yield Tensile Elongation ~ Charpy V impact energy
materials and filler metals strength strength (=40 °C)
(MPa) (MPa) (%) @
RUUKKI Optim 700QL 783 826 19 54
SSAB Weldox 700E 791 836 17 165
SSAB Weldox 960Q 1030 1076 16 56
VOESTALPINE Alform 1051 1058 17 177
960M
INEFIL NiMoCr >750 >820 >19 >60
Thyssen UNION 85 >790 >880 >16 >53
Thyssen UNION X90 >890 >950 >15 >58
ESAB OK Tubrod 14.03 757 842 23 71
Thyssen UNION X96 >930 >980 >14 >40

@ Springer




Weld World (2019) 63:1315-1327

1317

Table 3 The base material-filler

metal pairing during our Base material Filler metal Mismatch condition
experiments
RUUKKI Optim 700QL INEFIL NiMoCr Matching (m)
SSAB Weldox 700E Thyssen UNION X85 Matching (m)
SSAB Weldox 700E Thyssen UNION X90 Overmatching (om)
SSAB Weldox 960Q Thyssen UNION X96 Matching (m)
SSAB Weldox 960Q ESAB OK Tubrod 14.03 Undermatching (um)
VOESTALPINE Alform 960M Thyssen UNION X96 Matching (m)
VOESTALPINE Alform 960M Thyssen UNION X90 Undermatching (um)

overmatching condition, the joint properties are higher than
the base material features.

General theorem, that in the case of the hot-rolled steels,
equal or slightly higher strength matching filler metals are
used. In case of higher strength, overmatching filler metals
necessary to count on high residual stress, which can be
unfavourable. In case of high-strength steels (yield strength
over 600 MPa), it is more beneficial to use undermatching
filler metals. Of course, in that case, lower strength-welded
joint was gained. Notwithstanding the smaller strength, these
filler metals have a number of advantages, which can be used
effectively on high-strength steels. Such positive attributes are
the higher toughness of the weld metal, the higher resistance
against the hydrogen cracking or the smaller residual stress in
the welded joint. It calls for comment, that the mechanical
properties of the welded joint exceed the minimal require-
ments of the base material in the case of undermatching filler

Fig. 1 Edge preparations and 80°
weld deposition sequences for 15-
mm and 30-mm-thick plates
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metal [13]. Besides the previous mentioned benefits, the loca-
tion of the welded joint in the structure or in the structural
element is very important, too. On those places, where the
joint is load-carrying, essential that the strength of the joint
is equal the base material strength. However, on those places
where the loading is lower (not load-carrying joints), it may be
enough to use smaller strength joints.

Because of the higher strength weld metal, overmatching
filler metals are used as well in many cases. In that case, the
higher yield strength of the welded joint is more beneficial,
despite the slightly higher residual stress, the lower toughness,
or the decreasing of the fatigue, in our case of the FCG resis-
tance. However, in that case, the ratio of the fatigue resistance
reduction (if there is any) is unknown. Therefore, this study
mainly focuses on this phenomenon. On the other hand,
overmatched filler metals can be used only for lower yield
strength high-strength steels, e.g. for S690Q type steels.
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Fig. 2 Assembly of the welding experiments

2.2 Base materials and filler metals

The thicknesses of the investigated base materials, the chem-
ical composition of the base materials and the selected filler
metals, and the mechanical properties for the whole research
program can be seen in Tables 1 and 2, respectively. The cases
of the base material-filler metal pairing and therefore the mis-
match conditions can be seen in Table 3.

2.3 Gas metal arc welding characteristics

The applied welding equipment was a DAIHEN VARSTROJ
WELBEE P500L power source. The dimensions of the
welded plates were 300 mm x 125 mm. For the equal stress
distribution X-grooved (double V-grooved) welding joints
were used, with 80° opening angle and with 2 mm gap be-
tween the two plates. Figure | illustrates the edge preparations
and the weld deposition sequences for both 15-mm- and 30-
mm-thick plates.

During the welding, the test pieces were rotated after each
layer. Based on the industrial experience, 18% CO, + 82% Ar
gas mixture (M21) was used as shielding gas. In the case of
the filler metal, 1.2-mm-diameter wires were applied in all
cases. The root layers (2 layers for both thicknesses) were
made by a qualified welder; while the other layers (6 layers

Table 4 The applied welding parameters
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Fig. 3 TPB specimen configuration and location of the specimens in the
welded joint with the notch directions (21 W and 23 W) and crack paths
(RD, rolling direction)

for 15-mm- and 18 layers for 30-mm thicknesses) were made
by automated welding car. The experimental assembly can be
seen in Fig. 2.

Base material designation Layer Tores T 1 U Vi E, 13.5/5
C) @) % (cm/ (Jmm) ®
min)

RUUKKI Optim 700QL / 12 150 130-140 19.0-20.5 20 700750 7-8

SSAB Weldox 700E 3-20/8 180 280-300 28.5-28.5 40 1000-1100 9-11

SSAB Weldox 960Q 12 180 120-130 18.5-19.0 20 570-590 5-6
3-8 150 280-305 28.5-29.0 45 900-1000 7.5-8.5

VOESTALPINE Alform 960M 1-2 60 130-140 19.0-20.5 20 700-750 7-8
3-8 150 270-300 27.0-28.0 30-45 900-1400 7-15
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Fig. 4 Results of FCG tests 1,0E+00
executed on Weldox 700E base
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The welding parameters were selected based on both
theoretical considerations [14—16] and real industrial ap-
plications. The applied welding parameters were summa-
rized in Table 4. The table shows the welding current (J),
the voltage (U) and the welding speed (v,,) values, also
the preheating (7}.) and the interpass (7,) temperatures,
with the linear energy (£,) and the calculated critical
cooling time (zg5/5) values. The critical cooling time was
calculated as follows:

E; 1 B 1
ATAC O | (500-Tpe)”  (850—Tpre)’

(1)

I35/5 =

Stress intensity factor range, AK, MPam'2

where X is the thermal conductivity coefficient, ¢, is the
specific heat capacity, p is the density of the base materi-
al, and ¢ is the plate thickness. The parameters of the root
and the filler layers in Table 4 were shown separately in
each case.

2.4 Fatigue crack growth test circumstances

The FCG tests were executed on three-point bending (TPB)
specimens, nominal W values were 26 mm and 13 mm for
both base materials and welded joints. The position of the
notches correlated with the rolling direction (T-L, L-T, T-S,

Fig. 5 Results of FCG tests 1,06-01
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Fig. 6 Results of FCG tests 1,0E:01
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and L-S). The TPB specimen configuration and the positions
of the cut specimens from the welded joints are shown in
Fig. 3, 21 and 23 directions (21 W and 23 W) were used.
The notch locations, the notch distances from the centreline
of the welded joints, were different; therefore, the positions of
the notches and the crack paths represent the most important
and the most typical crack directions in a real welded joint.
Post-weld heat treating was not applied after welding on
GMAW joints (investigations in as-welded condition).

The FCG examinations were performed with tensile stress,
R=0.1 stress ratio, sinusoidal loading wave form, at room
temperature, and on laboratory air, using MTS type electro-
hydraulic testing equipment. The loading frequency was

100 1000
Stress intensity factor range, AK, MPam'2

different, it was f=20 Hz at the two-thirds of crack growth,
and it was f=5 Hz at the last third. The propagating crack was
registered with optical method, using video camera, hundred-
fold magnification (N = x100).

3 Results of examinations

Stress intensity factor range (AK) values were calculated as
follows:

M:%Y(i), 2)

Fig. 7 Results of FCG tests 1,08-01 —
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Fig. 8 Results of FCG tests 1,0E+00 ==
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where stereo microscope. The data belonging to stage II of the kinet-

()
_ 6(%)%{193_3'07(%) +14.53 (%)2—25.11(%)3 + 25.8(%)4}
(3)

and AF is the load range, W is the specimen width, B is the
specimen thickness, and « is the crack length. Secant method
[17] was used to evaluate the fatigue crack growth data. The
constants (C and n) of the Paris-Erdogan relationship [18]
were calculated using the least squares regression method,
and the fatigue fracture toughness (AK.) values were deter-
mined using the crack length on the crack front measured by

ic diagram of fatigue crack propagation have been eliminated
during the least square regression analysis, for each specimen,
systematically. The next figures and tables show our selected
experimental results on Weldox 700E, Weldox 960Q, and
Alform 960M base materials and their welded joints.

The calculated stress intensity factor range vs. fatigue
crack growth rate values for Weldox 700E base material,
and matching and overmatching cases of their welded
joints in different orientations are shown in Fig. 4 (T-L,
L-T, and T-S), and in Fig. 5 (21 W) and Fig. 6 (23 W),
respectively.

The calculated stress intensity factor range vs. fatigue
crack growth rate values for Weldox 960Q base material

Fig. 9 Results of FCG tests 1,0E+00
executed on Alform 960M base
material in different orientations
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Fig. 10 Results of FCG tests
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and matching case of their welded joints in different ori-
entations are shown in Fig. 7 (T-S, L-S, and L-T) and in
Fig. 8 (21 W and 23 W), respectively.

The calculated stress intensity factor range vs. fatigue
crack growth rate values for Alform 960M base material,
and matching and undermatching cases of their welded
joints in different orientations are shown in Fig. 9 (T-L,
L-T, and T-S), and in Fig. 10 (21 W) and Fig. 11 (23 W),
respectively.

Tables 5, 6, and 7 summarize the characteristics of the
Paris-Erdogan exponent (n) and the fatigue fracture

100 1000
Stress intensity factor range, AK, MPam??

toughness (AKj.) samples for the Weldox 700E, the
Weldox 960Q and the Alform 960 M base materials and
their welded joints, determined from the certain kinetic
diagrams, respectively. In that case when the kinetic dia-
gram can be written with more straight section in the
domains, then only the constants of the relationship which
describes the greatest (middle) part of the diagram were
used for the statistical samples. Wilcoxon matched pair
test (testing the hypothesis that the scores for two vari-
ables were drawn from the same distribution) [19] were
used for the assessing of the independency of the samples.

Fig. 11 Results of FCG tests 1,0€-01
executed on Alform 960M
matching and undermatching
w§ldmg. condition in 23W o 1.0E-02
orientation ° ==
> —
L >
£ [¢) 0
£ o
Z 1,0E-03
2 t
g ol
)
: b
< 1,0E-04 =
o =
E 4
S 1,0E-05 ol o
G
(]
=]
2
=]
i 1,0E-08 $
’ OAIform960M - matching - 23W - 6 specimens
U
OAIform960M - undermatching - 23W - 7 specimens
1,0E-07 117 I I I I I 1T

10

@ Springer

100 1000
Stress intensity factor range, AK, MPam?'?



Weld World (2019) 63:1315-1327

1323

Table 5 Results of calculated Paris-Erdogan exponent (1) and fatigue fracture toughness (AK}.) samples from fatigue crack growth tests executed on

Weldox 700E base material and their welded joints

Base material, matching condition Sample Element number of Average Standard Standard deviation
sample deviation coefficient
Base material (BM) n-T-L 6 2.45 0.573 0.2337
n-L-T 6 2.40 0.480 0.1999
n-TLand L-T 12 243 0.483 0.1991
n-T-S 6 2.19 0.922 0.4204
AKy - T-L 6 106.8  4.01 0.0375
AKy. - L-T 6 106.9  3.30 0.0309
AKy - T-L and 12 1069 335 0.0314
L-T
AKg - T-S 6 80.3 322 0.0401
Welded joint (WJ), matching condition (m) n-21W 6 5.10 0.600 0.1776
n-23W 6 4.15 1.385 0.3334
AKy - 21W 6 1172 7.70 0.0657
AKy - 23W 6 87.0 432 0.0496
Welded joint (WJ), overmatching condition n-21W 6 3.68 1.452 0.3944
(om) n-23W 6 343 1.166 0.3406
AKg. - 21W 6 110.1  9.57 0.0869
AKg. - 23W 6 86.3 16.55 0.1917

Italic characters indicate in the tables the non-independent
samples; these samples can be combined into one sample.

The element number of the samples, the average, the stan-
dard deviation and the standard deviation coefficient values
can be found in the tables. Because both base materials and
welded joints were investigated, the standard deviation coef-
ficient values represent reliable measurements.

4 Fatigue crack propagation limit curves

Based on the experimental data and results, fatigue crack
propagation limit curves can be determined. Generally,
the determination of the fatigue design curves consists
of six steps, as follows [20]. First step: determination of
measuring values, the threshold stress intensity factor

Table 6 Results of calculated Paris-Erdogan exponent (1) and fatigue fracture toughness (AK}.) samples from fatigue crack growth tests executed on

Weldox 960Q base material and their welded joints

Base material, matching condition Sample Element number of sample Average Standard deviation Standard deviation coefficient
Base material (BM) n-1-8 5 3.96 0.946 0.2390
n-L-S 5 3.74 0.273 0.0731
n-T-S and L-S 10 3.85 0.667 0.1734
n-TL 5 2.44 0.615 0.2519
AKj - T-S 5 100.2  6.69 0.0667
AK. - L-S 5 102.7 4.57 0.0446
AKg -T-Sand L-S 10 101.5 555 0.0547
AKy - T-L 5 125.1 8.39 0.0670
Welded joint (WJ), n-21W 8 4.45 0.594 0.134
matching condition (m) n-23W 419 1.106 0.264
n-21Wand 23W 15 4.32 0.847 0.196
AKy. - 2IW 8 115.5 113.20 0.114
AKy. - 23W 7 1035 1491 0.144

AKy - 21Wand 23W 15

109.9 14.86 0.135
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Table 7 Results of calculated Paris-Erdogan exponent (1) and fatigue fracture toughness (AK}.) samples from fatigue crack growth tests executed on

Alform 960M base material and their welded joints

Base material, matching condition Sample Element number of Average Standard Standard deviation
sample deviation coefficient
Base material (BM) n-TL 6 2.35 0.396 0.1687
n-L-T 5 2.13 0.292 0.1372
n-TLand L-T 11 225 0.355 0.1581
n-T-S 6 3.84 1.435 0.3735
AKy - T-L 6 1394 14.85 0.1065
AKy. - L-T 5 122.1  5.03 0.0412
AKg - T-L and 11 1315 1421 0.1080
L-T
AKy - T-S 6 1023 937 0.0916
Welded joint (WJ), matching condition (m) n-21W 6 243 0.383 0.1580
n-23W 6 2.94 0.850 0.2157
AKg - 21W 6 126.6  11.34 0.0986
AKg, - 23W 6 106.5 14.17 0.1331
Welded joint (WJ), undermatching condition n-21W 6 2.85 0.344 0.1207
(um) n-23W 7 323 0911 0.2819
AKg - 21W 6 1226 9.710 0.0742
AKy. - 23W 7 96.5 11.05 0.1146

range (AK,,), the two parameters of the Paris-Erdogan
law (C and n) and the fatigue fracture toughness (AKy.).
Second step: classification of measured values into statis-
tical samples, on the basis of calculated test results, ap-
plying Wilcoxon matched pairs test. Third step: selection
of the distribution function type using Shapiro-Wilk,
Kolmogorov-Smirnov and chi-square goodness of fit tests
(testing if sample data fits a distribution from a certain
population, i.e. a population with a normal or a Weibull
distribution), at a level of significance € = 0.05. After the
analysis, it was concluded, that only the three parameter
Weibull-distribution function is suitable for describing all
the configured samples. Fourth step: calculation of the
parameters of the three parameter Weibull-distribution
functions. The parameters of the distribution functions
were calculated for all the configured samples using the

F(x) = l-exp [— (x_év °> _1 : (4)

equation, where N, is the threshold parameter, « is the
shape parameter and (3 is the scale parameter. Fifth step:
selection of the characteristic values of the distribution
functions. Considering the influencing effects of the ma-
terial parameters on life-time estimation, characteristic
values of AKj;,, n and AKj. were selected. The threshold
stress intensity factor range (AK,;,) is that value which
belongs to the 95% probability, the exponent of the

@ Springer

Paris-Erdogan law (n) is that value which belongs to the
5% probability and the fatigue fracture toughness (AKy.)
is that value which belongs to the 5% probability of the
relevant Weibull-distribution function. The Paris-Erdogan
constant (C) can be calculated on the material group (e.g.
steels, aluminium alloys) dependent correlation between
C and n. The calculated data and the correlation of the
presented results can be seen in Fig. 12 (r= 0.9955).
Figure 13 shows the fifth step schematically. Sixth step:
calculation of the parameters of the limit curves, using
simplified method [21].

The main characteristics of the determined limit curves can
be found in Table 8. In those cases, when the orientation and/
or the path of the propagating crack is known, the values in
Table 8 can be directly used. In those cases, when 1 and AKj.
values calculated in the two directions (T-L and L-T vs. T-S, or
21W vs. 23W) are significantly different, and the orientation
and/or the growing crack path is not known, the lowest value
should be considered from the related ones. The unambiguous
determination of the design curves in the near threshold region
is difficult. On the one hand, if the threshold stress intensity
factor range value (AK;,) is not known, values can be found in
the literature (e.g. [22, 23]) are usable; furthermore, in special
or particular cases, results of virtual testing [24] can be ap-
plied, too. On the other hand, the threshold stress intensity
factor range value, AK};,, must be reduced by tensile residual
stress field and may be increased by compressive residual
stress field (e.g. welding residual stresses).
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Fig. 12 Connection between the
Paris-Erdogan constants of the
investigated materials
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5 Summary and conclusions

Based on our investigations and their results, the following
conclusions can be drawn.

» The applied gas metal arc welding process and the used
technological parameters are suitable for production
welded joints with appropriate quality.

* The welding causes unfavourable effects both on the me-
chanical properties and the fatigue crack growth resistance
of the high-strength steels. This statement has good

F(AKy)
R = constant Yo
T = constant

F(AKy) 4
%

Fatigue crack growth rate, da/dN, mm/cycle

v

Stress intensity factor range, AK, MPa m"?

Fig. 13 Determination of fatigue crack propagation limit curves

-12

-10 -8 6 -4
Paris-Erdogan constant, IgC

correspondence with previous high cycle fatigue experi-
ments [25-27].

The average values of the Paris-Erdogan exponents (n) of
Weldox 700E and Alform 960M base materials in the T-L
and L-T directions and of the Weldox 960Q base material
in the T-S and L-S directions are significantly not differ-
ent, which means equal fatigue crack growth resistance in
these orientations. The average values of the Paris-
Erdogan exponent (n) of Weldox 700E and Alform
960M base materials in the T-S orientation and of the
Weldox 960Q base material in the T-L orientation are sig-
nificantly different. The fatigue crack growth resistance of
the Weldox 700E material is more unfavourable in T-S
direction. The material strength category and the produc-
tion condition (Q + T and TM) cause significant effect on
the fatigue crack growth resistance, too.

The average values of the Paris-Erdogan exponents (1)
of the matching (m), overmatching (om) and
undermatching (um) conditions of the investigated
welded joints were statistically higher than the expo-
nents of the concerning base materials. The average
value of the Paris-Erdogan exponent (n) of the
overmatching (om) welded joint of the Weldox 700E
is lower than the exponent of the matching (m) con-
dition. The fatigue crack growth resistance under
overmatching (om) condition is lower than matching
(m) condition. The average value of the Paris-Erdogan
exponent (n) of the matching (m) welded joint of the
Alform 960M is lower than the exponent of the
undermatching (um) condition. The fatigue crack
growth resistance under matching (m) condition is
lower than undermatching (um) condition.

@ Springer
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Table 8 Characteristics of the
determined fatigue crack Base

Base material, matching condition

Orientation Parameters of the ~ Fatigue fracture

propagation limit curves material Paris-Erdogan toughness
law
n C AKfc
(mm/cycle, (MPam'?)
MPam'” 2)
Weldox Base material (BM) T-Land L-T 1.70  8.09E-07 101
700E TS 1.50  2.06E-06 75
Welded joint (WJ), matching 21W 4.10 1.12E-11 105
condition (m) 23W 230 493E-08 80
Welded joint (WJ), overmatching 21W 1.85 4.02E-07 96
condition (om) 23W 190 3.19E-07 61
Weldox Base material (BM) T-S, L-S, 1.80 3.50E-07 94
960Q and T-L
Welded joint (WJ), matching 21W and 275 1.03E-08 93
condition (m) 23W
Alform Base material (BM) T-L and L-T 1.82  4.63E-07 116
960M TS 1.75 641E07 87
Welded joint (WJ), matching 21W 1.90 3.19E-07 114
condition (m) 23W 275 6.06E-09 82
Welded joint (WJ), undermatching 21W 240 3.10E-08 115
condition (um) 23W 215 9.93E-08 67
*  The determined results fundamentally refer to reliableand ~ References

reproducible examinations. Unfortunately, the standard
deviation coefficients are in some cases too high (Paris-
Erdogan exponent (), T-S, 21W and 23W orientations).

» Based on these results and the used methods fatigue crack
propagation limit curves can be determined for the inves-
tigated base materials and their gas metal arc welded
joints, using simplified method [21]. The limit curves cor-
rectly reflect the fatigue crack growth characteristics of the
base materials and the welded joints.

*  Further examinations required to measuring AK};, values
for base materials and welded joints, to statistically more
established conclusions and to study of the effects of the
welding residual stress fields.
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