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Abstract: In general, distortion has significant effects on the assembly process of welded structures
and remarkable influences on the strength of the welds. Therefore, this work focuses on the
effect of angular welding distortion on fatigue strength to improve transferability of specimen
results to components. Experimental investigations cover manufacturing and fatigue testing of
three single-sided transversal stiffeners series exhibiting different angular distortions. The fatigue
test results of as-welded specimen show a distinct link between fatigue performance and initial
angular distortion. However, in case of a high frequency mechanical impact (HFMI)-treated weld
toe, the fatigue strength increases up to base material level and is independent of the distortion.
A comprehensive numerical analysis reveals a complex interaction between the applied nominal
load, initial specimen distortion and the local stress field. In this context, an engineering-feasible
assessment is derived to estimate the local effective stresses featuring the acting local stress range
as well as the stress ratio. The application of this distortion factor enables the set-up of a uniform
S/N-curve with a significantly reduced scatter band.

Keywords: fatigue strength; fillet welds; angular welding distortion; HFMI-treatment

1. Introduction

Distortion in welded components is a result of the thermal heat-input during welding [1,2] and
its mechanical restraints [3,4]. In addition, phase transformations affect the distortion by changes
of the inherent strain state within the heat-affected zone [5]. The distorted state of the joints affects
the assembling process of welded structures and has remarkable influence on the strength of the
weld [6-8]. Therefore, numerous recent publications deal with the estimation of welding distortion
using transient thermo-mechanical simulation techniques or inherent strain methods [9-11]. In [12]
measurements as well as numerical simulations to evaluate the angular distortion of fillet welded
T-oints made of steel were presented. The numerical results revealed that phase transformations
significantly affect the final state of distortion. A prediction of the welding distortion based on local
displacement in the weld plastic zone by utilizing the inherent strain method was given in [13].
It was concluded that the proposed method estimates the welding distortion quite well, but it cannot
properly estimate the variation of the transverse bending along the welding direction. A more detailed
simulation technique to assess angular weld distortions was introduced in [14], in which the physics
of the welding arc were considered. Therein the authors concluded that more details of the heat
transport phenomenon and temperature dependency of the material properties need to be employed
to improve the accuracy of the procedure. Besides numerical methods, also analytical computations
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are commonly applied; however, formulae are available only for selected geometries, like beams [15],
which cannot be generalized for complex weld structures. Furthermore, local residual stress conditions
additionally affect the distortion state and interact with them [16,17]. As the weld quality such as
the angular distortion majorly affects the fatigue strength [18], it is important to optimize angular
distortion as well as weldment characteristics as shown in [19]. A study in [20] presented that the
local residual stress and angular distortion state remarkably changes the effective stress ratio at weld
toe, which finally acts as superior influence factor on the fatigue strength. In addition, not only the
weld characteristics, but also the external loading takes impact on the fatigue performance [21]. As no
comprehensive analysis regarding both weld quality in terms of global properties such as angular
distortion, and local parameters like residual stress and stress concentration, and external loading
exists yet, this paper scientifically contributes to a holistic investigation of these effects on the fatigue
strength of steel T-joints.

This work primarily researches the effect of angular welding distortion on fatigue test results.
Fatigue testing clamps are often transversally fixed implying a straightening of the specimen during
clamping. Thereby, the specimen is loaded by a clamping stress acting as additional mean stress.
This circumstance influences the effective stress ratio at the weld toe during the subsequent cyclic
loading. It mainly depends on the externally applied load stress level, the local residual stress condition,
and the angular distortion of the specimen, which interacts with the free length between the clamping
jaws. In case of bending fatigue tests on the other hand, specimen distortion plays only a minor role
as the effective clamping-induced mean stresses and the impact on its effective stress ratio is almost
negligible. Previous investigations presented in [22] concluded that the effective stress ratio in case of
bending fatigue tests is independent of the angular welding distortion.

On the contrary, bending loading goes along with a gradual nominal stress distribution over
specimen thickness, whereat in case of tensile loading, the nominal stress gradient into depth is
zero. Thus, nominal stress fatigue results should be evaluated under consideration of the load case.
Equation (1) shows the IIW-recommended [23] influence factor accounting the angular weld distortion
o within a nominal stress assessment:
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For a basic estimation, such analytical formulae are well applicable; however, to accurately
consider distortion-induced clamping effects and their interactions with local characteristics and
external loadings, a more elaborated concept is encouraged. Hence, an additional study on fatigue
strength incorporating the use of the effective notch stress approach is conducted in the course of this
research paper. The scientific aim of this work is to contribute to the effect of angular specimen
distortion on the fatigue strength of welded transversal joints. Previous research work [24,25]
already emphasized that further investigations on this topic are needed. The current analysis
includes tumescent tensile fatigue tests involving specimens with varying welding distortion. A novel
approach incorporating residual, distortion-induced clamping and load dependent stresses utilizing the
effective notch stress method is presented to enable an improved fatigue assessment of welded joints.
Furthermore, the effect of high frequency mechanical impact (HFMI) post-treatment is also discussed.

2. Specimen Manufacturing

The manufacturing of the T-joint specimen was conducted according to a previous work
methodology given in [26] to ensure comparability of the test results. The base plate and the transversal
stiffener consist of a high-strength steel S690 with 5 mm sheet thickness. A G69 solid wire filler metal
and standard M21 shielding gas are utilized implying an even-matching nominal tensile strength of the
weld seams. The sheets are sliced to specimen arrays of eight single specimens using water-jet cutting
before welding. Figure 1 illustrates the welding setup, where each array is welded continuously to
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ensure a constant welding process. Furthermore, every specimen is clamped separately to establish
equal fixture conditions and hence, a similar weld quality for each specimen is maintained. After the
first pass, the array is cooled down to room temperature by natural air convection in fully clamped
state. Subsequently, the second pass is welded in reverse direction and the array is finally unclamped
after again reaching steady-state room temperature. In order to achieve certain levels of specimen
distortions, some arrays are pre-stressed by a wire, which is placed beneath the array before final
clamping; details are provided in [26]. Three different states of distortion are studied leading to
different clamping-induced mean stresses at the weld toe:

e  V0: Natural welding distortion leading to a tensile clamping-induced mean stress state.
e  VI: No measurable welding distortion leading to about zero clamping-induced mean stresses.
e  V2: Welding distortion leading to a compressive clamping-induced mean stress state.

Overall, five arrays are welded per distortion state resulting in a total number of 120 specimens.
During welding, temperature measurements are carried for the calculation of the tg/5-cooling time.
The mean value is about g5 = 4 s, independent of the distortion state. After truncating of the arrays to
single specimens, the side surfaces are machined and ground flush to obtain the final specimen shape.
Thereby, each sample is optically inspected, whereat no distinctive differences in the local weld toe
topography such as undercuts are visible.

Figure 1. Overview of weld setup including tg,s-measurement.

Distortion measurements are carried out on each sample in order to evaluate the macroscopic
angular welding distortion a. On each side of the transversal attachment, three measuring points
are specified as depicted in Figure 2. Besides, the definition of « is shown in this figure causing
positive values in case of bending towards the transversal stiffener. Subsequently, the angular welding
distortion is evaluated by a linear interpolation of the respective measurement results on each fillet
weld. The outcome of these calculations are shown in Figure 3 and the values are summarized in
Table 1. In the chart, the specimen position is set according to the weld path of the second weld.
This means, position number one refers to the at last weld seam in pass one and to the first seam
segment in pass two. The different distortion states can be clearly distinguished, although some
outliers are present. There is almost no significant correlation between the position of the specimen in
the array and its angular distortion, which validates a constant weld process for all specimens. Only the
first specimen tend to have a slightly higher distortion value than average, which may be caused
by minor variations in stiffness within the array. In general, the values of the angular distortion are
comparable for each manufactured series and follow the expected trend. Additionally, X-ray surface
residual stress measurements at the weld toe are carried out on two specimens per distortion state,
where the results are shown in Table 2. The residual stresses of the joint in distorted condition are
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measured in loading direction of the specimens. They are slightly compressive and indicate higher
negative values at the first weld path consistently. Interestingly, the residual stress conditions are
comparable for all distortion states.
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Figure 3. Distortion measurements over specimen position in array during welding.

Table 1. Summary of angular distortion measurements in degrees.

Specimens Statistical Key Figure Vo Vi1 \/
. . . Average angular distortion oty 0.54 -0.06 —1.13
All specimens in as-welded condition Standard deviation 021 021 029
Specimens in as-welded condition selected for Average angular distortion om 0.54 —0.02 —1.11
fatigue testing (10 per distortion state) Standard deviation 0.07 0.03 0.31
Specimens in as-welded condition selected for =~ Average angular distortion oy 0.53 —-0.10 —1.00
HFMI-treatment (10 per distortion state) Standard deviation 0.19 0.24 0.24
Specimens in HFMI-treated condition selected Average angular distortion om —0.06 —0.75 -1.72
tensile fatigue testing (10 per distortion state) Standard deviation 0.30 0.29 0.37

Table 2. Transversal residual stresses measured at the weld toe in MPa.

Vo Vi V2
Specimens
Path1 Path2 Path1l Path2 Path1l Path 2
Specimen 1 —188 -70 —120 —58 —101 =51
Specimen 2 —161 —37 -90 8 —164 —101

Ten specimens of each distortion state are additionally HFMI post-treated, whereby an overview of
the post-treatment clamping situation is depicted in Figure 4. The treatment is performed according to



Metals 2018, 8, 302 50f22

the recommendations given in [27]. One should note that the currently treated specimen side is
unclamped to ensure the post-treatment is applied without clamping constraints and the samples can
deform freely. Hence, it can be assumed that the observable change in angular distortion due to the
post-treatment is primarily based on a modification of the residual stress condition at the weld toe
and not due to bending of the specimens. Subsequently, additional distortion measurements quantify
the change in angular specimen distortion due to the HFMI-treatment; see Figure 5. The left part of
the figure shows the absolute values of distortion before and after post-treatment, whereas a certain
impact on the angular deformation is clearly visible. On the right part, the difference in distortion is
illustrated, showing that the HFMI-induced change in angular distortion towards negative values is
comparable for all specimen series. Summing up, a mean change of about Ax = —0.6° is obtained by
this post-treatment.
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Figure 5. Effect of HFMI-treatment on angular distortion.

3. Fatigue Tests

The experimental investigations cover fatigue tests in as-welded and HFMI post-treated condition
under tumescent tensile loading at a nominal load stress ratio of R = 0.1. The test stop criterion is
burst fracture or run-out at ten million load-cycles. The evaluation of the test results in the finite
lifetime domain is performed according to [28] whereas the high-cycle fatigue region is evaluated
exercising [29]. Beyond the transition knee point Ny, a declination of ten percent per decade is applied
corresponding to an inverse slope value of k' = 22 matching the recommendation given in [30].
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The experiments are performed on a hydraulic test rig at a test frequency of 10 Hz for higher
load ranges and on a SincoTec resonance pulsator at about 85 Hz for testing in the endurance region.
In addition, samples in the finite life region are tested by both machines to ensure that no test rig
dependency exists. As introduced, the free length between the clamping devices has a major influence
on the local stress state induced by the clamping process. Therefore, this parameter is set to a constant
value of I, = 155 mm for all specimens on both test facilities.

3.1. Distortion Induced Clamping Stress

The stiffness of fatigue test rigs is significantly higher than the stiffness of the specimens. Therefore,
clamping of distorted specimens causes a straightening leading to a constant bending moment over
the specimens’ free length. In order to quantify this effect, every specimen is equipped with a uniaxial
strain gauge to measure the occurring stresses due to specimen clamping. It is applied perpendicular
to the second weld pass about 20 mm apart from the weld toe, see Figure 6. Therefore, this position
captures only the changes in nominal stress state and is not affected by notch stress concentration [31].
As the further analysis is based on stress-evaluation, the strains measured at the strain gauges are
converted to stresses using Hooke’s law with an elastic modulus of E = 210,000 MPa. Figure 6 shows
the correlation between the measured clamping stress and the individual angular specimen distortion
of every as-welded specimen. The linear regression of the data points clearly points out a linear
relationship within the considered range. Furthermore, the result of a linear-elastic numerical analysis
is illustrated in the graph indicating a sound accordance with the measured data; details are given in

Section 4.1.

Nominal clamping stress o,
at strain gauge position[MPa]

_80 42 A V0-specimen
4 /./’ & Vi-specimen
-100 — y. i V2-specimen
-7 . .
1 7 — — Linear regression of measured data
-120 — e — - — Linear clastic simulation
- T I T I T I T I T I T
-2.0 -1.3 -1.0 -0.5 0.0 0.5 1.0

Angular specimen distortion o [°]

Figure 6. Correlation of clamping stress and angular specimen distortion.

3.2. Fatigue Test Results

The outcome of the fatigue tests for the as-welded condition is shown in Figure 7 in terms
of nominal stresses. The summary of the individual fatigue tests results is given in Table Al in
Appendix A. The statistical evaluation is performed for each distortion state separately, see Table 3.
In addition, a combined evaluation of all datasets is given. The effect of various distortion states is
clearly recognizable in terms of a shift in load cycles. However, the statistically evaluated inverse slopes
in the finite life region are nearly identical. The distorted specimens with tensile clamping-induced
mean stresses labelled as series V0 exhibit the lowest fatigue strength. Quite high compressive clamping
stresses in series V2 lead to an increase of the nominal fatigue strength. As expected, series V1 featuring
no specific welding distortion is placed between the two other limiting curves. All but one specimens
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show crack initiation from the weld toe, an exemplary fracture surface is shown in Figure 9a. The one
outlier failed from a scratch at the sheet surface and is therefore excluded from evaluation.
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Figure 7. Nominal fatigue test results for as-welded condition.

Table 3. Summary of fatigue

test results.

Weld Toe Distortion State Inverse Scatter Transition Knee FAT-Value Aoy (N =107)
Treatment Slope k Index 1:T, Point Ny [MPa] [MPa]

Vo 42 1.09 1.2 x 100 175 178
As-welded Vi1 44 1.13 1.1 x 10° 194 201
V2 3.9 1.09 0.85 x 100 205 228
Combined 4.0 1.29 0.68 x 100 166 192
Combined 4.0 1.28 0.26 x 10° 201 285
HEMI Combined, including [32] 44 1.25 0.30 x 106 213 278

Figure 8 depicts the fatigue test results of the HFMI-treated specimens, the data of the combined
statistical analysis is also listed in Table 3. The summary of the individual fatigue tests results is given
in Table A2 in Appendix A. As the majority of the specimens exhibit crack initiation from the base
material, fatigue testing covers only five welded specimens per distortion state. Thereof, the majority
of specimens failed at the bottom of the transversal stiffener.
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Figure 8. Nominal fatigue test results for HFMI-treated condition.
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Exemplary fracture surfaces are shown in Figure 9b,c, where the latter shows crack initiation from
sheet surface at the bottom of the stiffener. The fatigue strength of the post-treated specimens reaches
base material strength in both run-out level and finite life region although a comparably huge scatter
band is observed. Hence, no characteristic dependency of the evaluated fatigue strength on the welding
distortion can be identified. The fatigue performance of S690 base material as well as of HFMI-treated
T-oints was already investigated in depth within previous work, see [32-34]. Table 3 contains a
combined statistical evaluation using these HFMI-treated fatigue test results as well. Due to the thereby
increased amount of testing data, the scatter band in the finite life domain is noticeably reduced.

Figure 9. Fracture surface examples. (a) Crack initiation at weld toe in as-welded condition,
(Aoy =600 MPa, N = 38.765); (b) Crack initiation at weld toe in HMFI-treated condition,
(Ao =400 MPa, N = 826,530); (c) Crack initiation at base material just below the weld in HMFI-treated
condition, (Acy = 600 MPa, N = 44,582).

4. Numerical Analysis

In this work, linear elastic numerical simulation runs are performed to analyse the local stress
distribution of the investigated test series. For this purpose, six 3D-solid models are set-up including
different angular distortion values a from —2° up to +4°. The geometry of the half-symmetric models
represents the specimen including the broadening near the clamping area. For modelling of the weld
topography, a weld throat thickness of 4 mm and a flank angle of 45° is uniquely applied. Furthermore,
the region between the base plate and the stiffener is modelled as a gap with a thickness of 0.1 mm
neglecting any possible contact between these surfaces. The evaluation of the effective notch stresses
requires additional rounding of the weld toe with a fictitious radius of 7,,s = 1 mm according to the
approaches given in [35-37]. Figure 10 gives an overview of the half-symmetric model and the meshing
in the joint region.
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Figure 10. Numerical model with effective area of the clamping jaws.

Besides the stress at the position of the strain gauge osc and the effective notch stress o,
a structural stress oy, according to the IIW-guideline [23,38,39] is used within the fatigue assessment.
Hereby, quadratic extrapolation following Equation (2) is applied, which fits to the spatial finite
element models and mesh properties:

Ops = 2.5200.4¢ — 2.2400.9; + 0.7207 4¢. 2)

In this context, Figure 11 illustrates the stress definitions and the corresponding evaluation
procedures. The meshing of the model is performed in accordance to the suggestions in [40] applying
hexahedral elements with quadratic shape functions and reduced integration scheme. To assess any
nonlinear geometric effects due to high loads properly, the large deformation theory is enabled.

Stress

K/ Opoten

Kys | Ops

Stress distribution on the surface

\

t 091t 141 Strain
Distance from weld toe gauge

Kso ! 05

IMPa /| oy

Mpeecccadbecaaaaa

Hot
spot

S

Figure 11. Definition of stresses and stress concentration factors.

4.1. Clamping Stresses

The first part of the numerical investigations deals with the estimation of the stresses acting
due to specimen clamping. As welded specimens exhibit various amounts of angular misalignment,
an explicit formulation of the clamping stresses ¢y, with respect to the distortion angle a is necessary.
Therefore, a simplified model is set up in correlation with the testing facilities exhibiting a free length
of I = 155 mm between the clamps. The clamping process itself is simulated by adjusting the clamping
areas horizontally. Thereby, Figure 10 illustrates the effective area of the clamping jaws. In detail,
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the left clamping area is fully fixed corresponding to a specimen clamped on one side. Subsequently,
the right fixing area is rotated about the angular distortion of the specimen while allowing any
movement in horizontal loading direction, see Figure 12. Although a global levelling of the specimen is
forced by the clamping procedure, some distortion is still visible in the region around the weld detail.

Initial

Clamping

Loading

Figure 12. Simulation flow: straightening of the specimen due to clamping process and subsequent loading.

Figure 13 gives an overview of the stresses resulting from the clamping process with respect
to the initial angular distortion; the corresponding values are listed in Table 4. All three evaluated
stresses show a linear dependency on the angle of distortion within the investigated range. Thereby,
Equations (3)—(5) denote the outcome of the respective linear regression runs for nominal, hot-spot

and notch stress distribution:

5G,clamp (%) = 67.2MPa/deg-a — 0.195 MPa,

(Ths,clamp(o‘) = 77.6 MPa/deg'Dé —0.539 MPa,
Unotch,clump(“) = 139.2 MPa/deg‘UC — 2.026 MPa.

600 —

400 —

| Nominal stress

Structural stress
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Figure 13. Clamping stress in dependence of angular specimen distortion.
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©)

The simulated nominal stresses at the strain gauge position are compared to the measured values
in Figure 6 and reveal a sound accordance.
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Table 4. Numerically computed stresses due to clamping.

Initial Angular Distortion « [°] 0sG,clamp IMPal  Ops camp IMPal O popch clamp [MPal

+4 267.9 310.0 553.6
+2 134.3 155.2 276.1
+1 67.2 77.7 137.9
0 0.0 0.0 0.0

-1 —67.0 —78.3 —141.1
-2 —135.1 —156.8 —282.1

4.2. Specimen Loading

Building on the results of the clamping procedure, the loading of the specimen is simulated,
see Figure 12. At first, a unity load leading to a nominal stress of 1 MPa in the cross section is applied.
Subsequently, the load increases to 1000 MPa in steps of 100 MPa to cover the effect of the external load
level. Hereby, an actual stress concentration factor K, is defined and evaluated stepwise in order to
assess the stress concentration without influence of the clamping stresses due to initial specimen
distortion, see Equation (6):

Olocal — Uclamp

ON '

Kaet = (6)

It is defined as the local stress 07,¢, Subtracted by the clamping stress ¢y, Over the nominal oy or
membrane stress e, The clamping stress itself is independent of the load level and only a function
of the respective specimen distortion angle. Table 5 lists the structural and effective notch stresses for
six different angular distortion states for one and 1000 MPa nominal load with the respective actual
stress magnification factors. For the first case, a comparably huge deviation between these values
is be observed depending on the initial distortion. This fact can be traced back to a further external
load driven straightening of the specimen introducing an additional bending moment. For positive
angular distortion values, this moment exhibits tension at the weld toe leading to an increased actual
stress concentration factor and vice versa. A nominal load of 1000 MPa results in a more pronounced
straightening reducing the effect of secondary bending. Therefore, the deviation between the stress
concentration of negative and positive angular distortion abates. However, another bending effect
occurs due to the single sided transversal attachment and the deviation of its centre-of-mass to
the clamping plane. Its effect becomes visible in case of the non-distorted model, where the stress
concentration increases from orne and 1000 MPa nominal load.

Table 5. Stresses resulting from 1 and 1000 MPa nominal loading stress.

Initial Angular on=1MPa on =1000 MPa

Distortion « [0] Ohs [MPa] Khs,uct -] T notch [MPa] Kt,uct [-] Ohs [MPa] Khs,act [—] O notch [MPal] Kt,act [_]
+4 311.9 1.881 556.7 3.174 1934.5 1.624 3262.0 2.708
+2 156.7 1.469 278.6 2437 1534.1 1.378 2547.5 2271
+1 79.0 1.262 140.0 2.068 1332.7 1.255 2190.1 2.052
0 1.055 1.055 1.700 1.700 1130.4 1.130 1832.3 1.832
-1 —77.5 0.848 —139.8 1.314 929.6 1.007 1461.7 1.602
-2 —156.1 0.637 —281.1 0.937 723.8 0.880 1093.1 1.375

Figure 14 provides a graphical representation of the course of the actual stress concentration factor
for the effective notch stress with increasing nominal load and angular distortion. Here, the already
described additional bending in case of the non-distorted specimen is clearly visible. In case of the
model exhibiting one degree of angular distortion, the two mentioned effects apparently counteract
each other leading to a curve almost independent of the nominal stress. A similar tendency is observed
in Figure 15, where the corresponding vertical displacement of the specimen centre y, during clamping
and loading is plotted. The straightening of the specimen with increasing load leads to a movement
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towards the centreline. However, the fictive final level of saturation for very high loads seems to be
somewhat below the level of the clamping jaws.
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Figure 14. Actual notch stress concentration K; .+ with respect to nominal stress and angular distortion.
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Figure 15. Vertical position of the specimen centre during clamping and loading.

Further investigations require a functional relationship of the actual stress concentrations with
respect to nominal oy or membrane stress 0., and angular distortion «. For this, an approach based
on the recommendations of the IIW to cover angular misalignments is applied at first. The original
formula in Equation (1) uses a tanh(y/x)//x-function and a set of parameters describing the geometry
of the weld detail. This notation does not fully cover the values for K, received by numerical analysis.
Therefore, the parameters of the function are generalized and summarized in order to use it for
a parameter fitting procedure. Additionally, a further parameter subtracted from « is introduced,
see Equation (7):

tanh(Ay-\/0N)
Kﬂct(‘xr GN) = Al + Az (‘X A3) \/ﬁ : (7)

Parameter A; specifies the base level of the curves, whereas A; defines the spreading in vertical
direction. The novel parameter Az covers the effect of the single sided stiffener; A4 affects the curvature
with increasing nominal load. Table 6 lists the parameter-sets obtained by the fitting procedure.
It additionally contains the values of the transferred parameters of Equation (1) showing a rather high
deviation. It should be noted, that as this equation is just valid for a linear stress magnification ki,
the values are only comparable to the structural stress concentration Kjg ;. The evaluation of the
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function is pictured in Figure 16 exhibiting a sound agreement with the simulation results. These two
charts show the courses of structural and effective notch stress concentration with respect to the
nominal stress. Here, it should be noted, that both evaluated stresses have the same fundamental
behaviour. This circumstance is underlined by the similarity of the parameters A3 and Aj.

Actual notch stress
concentration K . [-]

Actual structural stress
concentration Ky, [

0~5\""I""I""""I"" LA L DL DL B
0 200 400 6(1)0 800 1000 0 200 400 600 800 1000
Nominal stress o [MPa] Nominal stress o, [MPa]

(@ (b)
Distortion angle o 4° 2° 1° 0° -1° -2°
Simulation result o o < 4
Functional value

Figure 16. Comparison of simulation results and the function output. (a) Actual structural stress
concentration; (b) Actual effective notch stress concentration.

Table 6. Parameter-set for Equation (7) obtained by the least-square fit.

Fitted Parameter A1 [-] Ay [MPa%5.rad™1]  Aj [rad] A4 [MPa™03]
Kps et 1.2419 246.59 0.0160 0.0481
Ky get 2.0231 441.76 0.0158 0.0483
Values for
Equation (1) 1 396.86 - 0.1172

Figure 17 sketches the development of the actual stress concentration factor K, with respect to the
nominal stress for a welding distortion of « > 1° in red and & < 0° in blue dye. Furthermore, the lower
and upper stresses of a tumescent tensile stress range Aoy are displayed, where their intersections
with the red and blue line give the associated values for the actual stress concentration factor. In case of
negative distortion values, this leads to an increase of K, with increasing nominal stress. For positive
distortion values & > 1°, this connection reverses and an increase of nominal stress causes a decrease of
Kt due to secondary bending. Thus, the local stress range is strongly dependent on the initial angular
specimen distortion especially in case of high distortion values.

Actual stress
concentration
Lo

Kooy, 6.>1%)

Welding distortion o > 1°

Kol na> 1% e - - - -

Welding distortion o < 0°

Kurl O 0<0°)

'
: Aoy
v

Nominal stress oy

Figure 17. Effect of the actual stress concentration on upper and lower stresses with respect to the
nominal stresses.
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This relationship of the stress concentration at the weld toe with increasing nominal load does
not allow a direct application of Equation (7) for stress ranges. Here, the calculation of the respective
actual upper and lower stresses ¢, 4+ and 07,4 based on the nominal upper and lower stresses are
necessary to calculate the actual stress range Ao, acting at the weld toe, see Equations (8)—-(10):

(Tu,act(A(TN/ R, “) = Uu,N'Kact(“r O'u,N) + Uclump(“) = Aoy- ﬁ Kact (0‘/ Aoy ﬁ) + Uclamp(cx)/ 8)

Ol ,act (AUNr R, ‘X) = Ul,N'Kact (“/ Ul,N) + Uclump ((X) = Aon- % Kact (0‘/ Aoy %) =+ Uclump ((X)/ (9)

A0t = Oujact — O1act = DON- { ﬁ'Kact (DC/ AUN‘1_1R> - %'Kact (“; AU’N'li{R> } (10)
Subsequently, the actual concentration factor for the stress range AK, is introduced describing
the ratio between the actual and the nominal stress range; see Equation (11). This parameter is of
special interest as it shows the effect of the weld detail with its angular distortion and the nominal
stress ratio on the nominal stress range. In this context, Figure 18a displays the trace of AKj for
two different tumescent stress ratios, namely R = 0.1 and R = 0.5. For small stress ranges, the values
are similar for both nominal stress ratios. With higher nominal stress ranges, the deviation increases
significantly. This evaluation confirms the IIW-recommended procedure to test fatigue specimens at
high mean stress levels to obtain fatigue strengths that are quite independent of the initial specimen
distortion, thus enabling specimen fatigue results to components. However, the introduced equations
support a more thorough evaluation of these effects.

]
(=]
M R

>
[
N i
VR
Actu
&
i

Actual concentration factor

I EEEEEy / rrrrrrrrrrr - — -R0.5

—
T T B e e e S S At r
T T T | |
0 200 400 600 800 1000 0 200 400 600 800 1000
Nominal stress range A, [MPa] Nominal stress range Ao, [MPa]
(a) (b)
Distortion angle a.:
4° 20 1° 0° _1° o

for notch stress range AK, .. [-]

Figure 18. Course of actual values with nominal stress range. (a) Effective notch stress range;
(b) Stress ratio.

The described change in stress concentration with respect to nominal loading and angular welding
distortion goes along with a shift in the actual stress ratio R, at the weld toe; see Equation (12) and
Figure 18b. The initial clamping stress due to angular distortion has a very large impact, as it changes
the mean stress directly. For example, this means a specimen with an angular distortion of & = 4°
tested at Aoy =200 MPa and R = 0.1 has a local actual stress ratio of about R, = 0.5. Even specimens
with absolute distortion values of around |a| =1° show a rather high deviation from the nominal
stress ratio. In general, the difference to the nominal stress ratio decreases with increasing nominal
stress range and increasing mean stress. Therefore again, testing at high tumescent tensile stress ratios
should be favoured in order to minimize influence of specimen distortion as recommended in the
ITW-guideline [23]. At this point should be noted, that Figure 18b does not show the actual stress ratios
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of low nominal stress ranges for negative distortion values. This would result in R,-values below the
singularity at ;, = 0 MPa having a rather distracting effect on the illustration.

Aoyt
AK, o = , 11
act AO’N ( )
(%
Ract: l,uct. (12)
Oy, act

5. Effect of Angular Specimen Distortion on the Fatigue Performance

The numerical investigations reveal a significant influence of the global distortion state and the
type of weld detail on the local stress distribution during the fatigue tests. This has a substantial effect
on the actual local stress range acting on the fillet weld. In combination with clamping and residual
stresses at the weld toe a change in the local effective stress ratio is observed affecting the fatigue
performance of the welded joint.

5.1. Actual Stress Range

The global distortion state and the asymmetric weld detail result in a local stress range deviating
from the nominal stress range applied by external loading. This shape and load-dependent behaviour
is investigated in the previous section and can be approximated by a tanh(y/x)/+/x-approach in
Equation (7). The resulting function for the local actual stress range A, with respect to the angular
distortion of the specimen «, the nominal stress range Aoy and the nominal load stress ratio R is shown
in Equation (10). This enables the direct calculation of the actual stress range for each specimen for
both, structural and effective notch stresses.

The corresponding results for the present fatigue test data set of as-welded joints is displayed in
Figure 19. Both evaluated local stresses show a significant reduction of the scatter band to the level of
a single distortion state in the finite life domain. At the run-out level, a less pronounced decrease in
scattering is visible. Overall, the consideration of the actual stress range leads to sound results and can
be further on used for the fatigue assessment of samples with angular distortion.

= E]OOD
£ 600 o S 900
£ 5 800
3 500 3 _ 2]
£ ] £ 700 :
o 400 < 400 |
eb & 1 )
= . = L :
& ‘ g 500 4—t il ik
2 300 Jk=41 @ Jk=4.0 T
£ 1T, =1.14 E 1T, =1.16
= {rar107 Z 490 a7 308
S
g Acy, =223.0 MPa £ J46,,=375.6 MPa
3 N, = 731,362 Lo P = NV, = 518,358 Lo P
E 10* 10° 10° w5 10* 10° 10° 107
;3 Number of load cycles N [-] < Number of load cyeles N [-]
(a) (b)

V0. A fracture A run-out

Vil & fracture € run-out

V2 fracture run-out

Combined evaluation: =— - P¢=97.7%

Figure 19. Resulting S/N-curves with consideration of specimen distortion. (a) Actual structural stress;
(b) Actual notch stress.
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5.2. Effective Stress Ratio

The use of the actual stress range for the fatigue assessment of angular distorted specimens
produces reasonably results. However, it does not include residual and clamping stresses, which may
lead to a significant shift in the local stress ratio. In literature, this consequential stress ratio is often
referred to as effective stress ratio Reg [23], see Equation (13):

(Ures + Omean + Jclamp) - %

Refr = (

o (13)
Ores + Omean + Uclamp) + Ta

As it includes local values, it must be treated as local parameter evaluated at the highly-stressed
points in a welded structure. For a consideration of the impact of the effective stress ratio on fatigue
strength a modification factor f(R) is suggested in [23]. It introduces a linear relationship between
the fatigue factor and the effective stress ratio. Its magnitude is also dependent on the complexity
and constraint of the welded structure. Equation (14) shows the definition applicable for ‘small-scale
thin-walled simple structural elements’ which is used for the further investigations in this work:

f(Ryf) =13 for Ry < —1
f<R€ff) = —04R;r+09 for —1< R, < —025. (14)

f(Regr) =1 for Rey > —025

The fatigue factor serves as multiplier for the fatigue strength of the respective evaluated weld
detail. The equations derived in Section 4.2 enable the calculation of the upper and lower stresses
instead of a mean stress and an amplitude value. Furthermore, the definition according to Equation (6)
already includes the clamping stresses in these parameters. Therefore, Equation (15) shows the
transformed equation for the effective stress ratio with the use of the actual upper and lower stresses:

_ Ores + 07 gt

Rorr = .
ff Ores + Oy act

(15)

In this context, Figure 20 depicts an overview on the actual and effective stress course with the
mean stresses changing residual and clamping stresses. By applying Equations (8) and (9), it is possible
to provide an analytical expression of the effective stress ratio for the present specimen type with
respect to the distortion angle and the nominal stress range as well as load stress ratio. Equation (16)
shows the expression for hot-spot stresses, where the corresponding clamping stress is already defined
in Equation (4). It should be noted that for structural stress analysis, the effect of residual stresses
could not be taken into account. Equation (17) describes the local effective stress ratio for effective
notch stresses additionally including residual stresses at this point. The values are taken from the
measurements in Table 2, whereby the highest value of each distortion state is selected as a conservative
approach. The clamping stresses were calculated by Equation (5):

Uhs,clump( ) + Aon- 1 Khs act (‘X Aoy- 1= R R)

Reffns(e, Aoy, R) = , (16)

O-hs,clamp( )+ Aoy T—R Khs act (0‘ Aoy- 1= ! R)

Ores + Unotch,clamp( ) + Aoy 1 Kt Lact (“ A‘7'N R R)

Reff,notch(“l Aoy, R) = (17)

1
Ores +0'notch,clump( )+ Aoy T—R Kt act <1X Aoy T R)



Metals 2018, 8, 302 17 of 22

Actual stress

Stress
course
Oact /\ """""""" /T
ATer

Olact

7 ) e e “Ores ¥4
Guam /\
\ ~“~~__ Effective stress
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, course

Figure 20. Shift of mean stress due to residual and clamping stresses.

Time

Olett

Subsequently, the effective stress ratio correction is performed for each specimen separately based
on the actual stress range and the effective stress range for both, structural and effective notch stresses.
Figure 21 illustrates the results as S/N-curves. In case of structural stress analysis, the correction
does not affect finite life domain. In the high-cycle fatigue region, a slight increase is observed.
The evaluation according to effective notch stresses leads to a more distinct change as clamping and

residual stresses are considered.
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Figure 21. Resulting S/N-curves with consideration of specimen distortion. (a) Actual structural stress
including consideration of effective stress ratio; (b) Actual notch stress including consideration of

effective stress ratio.

5.3. Discussion

The major impact on the fatigue performance of the distorted specimens is covered by the
consideration of the local actual stress range. Thereby, all geometric effects causing a change in local
stresses such as specimen straightening and bending due to the single sided stiffener are considered.
This leads to coinciding fatigue test results for both, structural and effective notch stress evaluation for
all three investigated distortion states. The combined statistical evaluation shows a reduced scatter
which is well comparable to a single distortion state.

An additional consideration of the actual local stress ratio based on the IIW-recommendations
mainly affects specimens tested at load levels near the run-out level and for high negative distortion
angle values. However, for structural stress evaluation the further consideration of the stress ratio
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does only have limited effects. In addition, residual stresses calculated or measured at the weld toe
cannot be properly applied for this evaluation method. But for the effective notch stress approach,
local residual stresses measured at the weld toe are included and lead to a further reduction of the
evaluated scatter index.

6. Summary and Conclusions

For the investigation of the effect of angular specimen distortion on fatigue strength, three test
series of T-joint specimens exhibiting different angular distortions covering are manufactured.
The distorted structure covers both positive and negative angles, implying tensile and compressive
stresses at the weld toe in case of sample straightening.

Tumescent tensile fatigue tests of the three characteristic distortion conditions show a significant
difference in nominal fatigue strength in the finite life domain as well for the high-cycle fatigue region.
HFMI-treatment of the weld toe leads to a noticeable increase of the fatigue strength up to base material
fatigue strength. At the same time, there is no observable influence of angular specimen distortion for
such post-treated samples.

Numerical investigations of the clamping procedure show a linear correlation of the clamping
stress with the initial angular specimen distortion for nominal, structural and effective notch stress
evaluation. A comparison with strain gauge measurements during specimen clamping supports
these simulated results for the investigated range of distortion angles. A more detailed numerical
analysis of the specimen loading under consideration of nonlinear geometric effects reveals a quite
complex connection between the applied nominal load, initial specimen distortion and the local stress
distribution. These actual stress magnification factors, evaluated in terms of structural and effective
notch stresses, show in most cases a significant deviation from stress magnification factors obtained by
linear simulations on undeformed models. Therefore, an updated equation is presented that enables a
thorough estimation of the local actual stress condition for each specimen series.

The application of the developed formula reveals a significant change of the actual local stress
range compared to the nominally applied load, taking both the load level and the specimens’ individual
distortion state into account. For the verification of this angular distortion based correction factor
method, the stress range is re-calculated for each specimen series separately. This leads to almost
coinciding fatigue tests results for all three investigated distortion states with a comparably low
scatter index for both structural and effective notch stress evaluation. This is interesting as mean
stress changing effects such as clamping or residual stresses were not yet included in the procedure.
A further consideration of the effective stress ratio according to IIW-recommendations for structural
stress evaluation does not improve the results noticeably. On the contrary, in case of effective notch
stress evaluation, a further reduction of the scatter index of the S/N-curve is observed taking both
distortion based effects and changes in effective stress into account.

Summing up, the present methodology featuring the change in local acting stress range by specimen
distortion and effective notch stresses leads to a continued noticeable improvement in small-scale sample
based fatigue assessment and enhances transferability of specimen results to components.

In general, testing at high tumescent tensile stress ratios should be favored in order to minimize
influence of specimen distortion as recommended in the [IW-guideline [23]. However, especially for
comparison of fatigue test results, the knowledge and consideration of angular specimen distortion is
very important. This is of particular significance for fatigue tests at low load levels in the high-cycle
fatigue domain, where the mean stress changing clamping stresses and the effect of secondary bending
have the largest impact.
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Nomenclature

Ap... Ay Set of parameters for Equation (7) [-, MPa%?.rad 1, rad, MPa 7]
E Young’s modulus [MPa]

FAT Stress range at 2 x 106 load cycles at Pg = 97.7% [MPa]
K; Stress concentration factor [-]

k Inverse slope of S/N-curve [-]

km Stress magnification factor [-]

I Free length between the clamps [mm]

Np Transition knee point of S/N-curve [-]

Pg Probability of survival [-]

R Load stress ratio [-]

t Sheet thickness [mm)]

1:T, Scatter index of S/N-curve [-]

Y, Vertical position of specimen centre [mm]

o Angular welding distortion [°]

Ao Stress range [MPa]

s Stress [MPa]

Tclamp Stress due to clamping of the specimen [MPa]
Tmem Membrane stress [MPa]

Cres Residual stress [MPa]

0sG Stress measured at a strain gauge [MPa]

Recurring subscripts
act

Actual value

eff Effective value

hs Structural hot spot stress value

l Lower value

N Nominal value

notch Effective notch stress value

u Upper value

Appendix A

Table A1. Fatigue test and evaluation data of as-welded specimens.
Test  al] NI Aoy Structural Stress Approach Effective Notch Stress Approach
[MPa] A‘7‘hs,act‘ Rcﬁ‘,hs f(Reff) AUhs,act,R Ao'nutch,act Reﬁ,notch f(Reff) A‘TNatch,act‘,R

Vo0-1 0.52 247,930 300 353.0 0.18 1.00 353.0 573.0 0.14 1.00 573.0
V0-2 0.58 10,000,000 200 236.7 0.23 1.00 236.7 384.3 0.18 1.00 384.3
V0-3 0.58 29,639 500 597.0 0.16 1.00 597.0 970.2 0.13 1.00 970.2
V0-4 0.39 3,753,730 250 288.1 0.17 1.00 288.1 466.6 0.12 1.00 466.6
V0-5 0.52 10,000,000 200 234.5 0.22 1.00 2345 380.4 0.16 1.00 380.4
V0-6 0.52 254,183 300 353.2 0.18 1.00 353.2 573.2 0.14 1.00 573.2
VO0-7 0.53 70,625 400 473.1 0.16 1.00 473.1 768.2 0.13 1.00 768.2
V0-8 0.37 103,163 400 463.5 0.14 1.00 463.5 750.9 0.11 1.00 750.9
V0-9 0.50 29,676 500 591.4 0.15 1.00 591.4 960.1 0.12 1.00 960.1
V0-10  0.65 10,000,000 250 299.3 0.22 1.00 299.3 486.7 0.18 1.00 486.7
V0-11 0.52 86,119 400 472.7 0.16 1.00 4727 767.5 0.13 1.00 767.5
V0-12  0.59 28,103 500 597.4 0.16 1.00 597.4 970.9 0.13 1.00 970.9
Vi-1 0.00 482,299 300 328.1 0.10 1.00 328.1 528.2 0.11 1.00 528.2
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Table Al. Cont.

Ac Structural Stress Approach Effective Notch Stress Approach
Test  «l[°] N[ MPa
[ al AT act Reff,hs f(Regf) AGpsactR ACpotchyact Reﬁ“,natCh f(Rege) AT Notch,act,R
V12 001 10,000,000 200 2165 010  1.00 2165 3482 0.11 1.00 3482
V1-3 0.01 49,513 500 555.9 0.10 1.00 555.9 896.5 0.10 1.00 896.5
V14 0.00 2,865,847 250 271.7 0.09 1.00 271.7 437.1 0.11 1.00 437.1
V15 —0.07 124,270 400 4371 009  1.00 437.1 703.5 0.09 1.00 703.5
Vi-6 —0.03 319,375 300 326.2 0.09 1.00 326.2 524.8 0.10 1.00 524.8
V17 —0.02 35,196 500 5543 009  1.00 554.3 8935 0.10 1.00 893.5
V1-8 —0.05 10,000,000 250 269.9 0.08 1.00 269.9 4339 0.10 1.00 433.9
V19 005 123,710 400 4382 009  1.00 438.2 705.6 0.10 1.00 705.6
V1-10 —-0.04 514,187 300 325.7 0.09 1.00 325.7 523.9 0.10 1.00 523.9
V1-11  0.06 523,098 300 3306 011  1.00 3306 532.7 0.12 1.00 532.7
V1-12  0.02 61,503 500 557.1 0.10 1.00 557.1 898.6 0.10 1.00 898.6
V2-1 —1.52 Fracture in BM 300 254.1 —0.58 1.13 287.7 395.2 —1.33 1.30 513.8
V22  —164 10,000,000 300 2481  —072 119 294.6 3845 —1.74 1.30 4998
v2-3 —-1.15 560,492 300 272.1 —0.30 1.02 277.1 427.6 —0.66 1.16 4974
v2-4  —0.77 199,715 400 394.3 —0.05 1.00 394.3 626.7 —0.18 1.00 626.7
V2-5  —1.27 68,931 500 4646 ~ —013  1.00 464.6 732.6 —0.28 1.01 741.9
vV2-6 —1.31 70,962 500 462.3 —0.14 1.00 462.3 728.5 —0.30 1.02 741.7
v2-7  —=0.79 335,610 350 341.1 —0.09 1.00 341.1 541.3 —0.25 1.00 541.3
V28 —090 220,275 400 3861  —009  1.00 386.1 612.0 —0.24 1.00 612.0
V29 —-0.90 1,493,630 300 284.1 —-0.17 1.00 284.1 449.2 —0.42 1.07 479.4
V2-10 —1.06 10,000,000 250 227.2 —0.36 1.04 236.9 357.1 —0.85 1.24 4435
V211 —1.06 93,505 500 4797  —008  1.00 479.7 759.7 —0.20 1.00 759.7
V2-12  —1.06 275,958 350 326.0 —0.18 1.00 326.0 514.2 —0.41 1.06 547.3
V2-13 —1.51 38,765 600 548.6 —0.14 1.00 548.6 863.1 —0.27 1.01 871.5
Table A2. Fatigue test data of HFMI-treated specimens.
« [°]
Test N [-] Aoy [MPa] Comment
as-Welded HFMI-Treated

VO0-HFMI-1 —0.27 0.30 660,583 300 Fracture in base material
V0-HFMI-2 —0.55 —0.07 10,000,000 300 Run-out
V0-HFMI-3 —0.55 —-0.07 100,801 500 Fracture in base material
VO0-HFMI-4 —0.58 —0.18 667,118 350 Fracture in base material
VO0-HFMI-5 —0.26 0.30 10,000,000 400 Run-out
V1-HFMI-1 0.14 0.76 10,000,000 300 Run-out
V1-HFMI-2 0.98 1.27 261,103 350 Fracture in base material
V1-HFMI-3 —0.04 0.29 10,000,000 350 Run-out
V1-HFMI-4 0.18 0.97 557,511 350 Fracture in base material
V1-HFMI-5 0.19 0.77 271,996 450 Fracture in base material
V1-HFMI-6 0.38 1.07 179,120 500 Fracture in base material
V2-HFMI-1 147 2.42 10,000,000 350 Run-out
V2-HFMI-2 1.47 242 93,016 500 Fracture in base material
V2-HFMI-3 0.70 1.50 10,000,000 350 Run-out
V2-HFMI-4 0.70 1.50 80,125 500 Fracture in base material
V2-HFMI-5 0.90 1.61 44,751 600

V2-HFMI-6 1.08 1.70 189,567 400 Fracture in base material
V2-HFMI-7 0.90 1.54 44,582 600 Fracture in base material
V2-HFMI-8 0.74 1.49 192,000 500 Fracture in base material
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