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Abstract

The focus of this paper is on compression fatigue life in welded test specimen. Considered test
specimen is highly complex due to multi-layer welding and production errors affecting its topology.
Test specimen is made from S355 steel which is used for both base material and weld. Compression
fatigue analysis is seldom performed as compression positively affects fatigue life. At the same
time, during MAG welding residual stresses affect the fatigue life, decreasing it significantly. Finite
element method (FEM) is applied to estimate compression fatigue life of the welded test specimen
and obtained fatigue curve is compared to the experimental curve. Experimental curves are given for
different stress ratios: R= -1, and R= -co. Analysis consists of thermal and structural analysis using
FEM method and fatigue analysis which is based on FEM results. FEM thermal simulation of welding
with constant initial temperature is performed first and followed by nonlinear structural analysis for
assessment of the residual stresses due to heat expansion. Fatigue parameters are determined using
Universal slope method.

Keywords: compression fatigue, R ratio, MAG welding, residual stress, coupled thermal-mechanic,
S355

1. Introduction

Extensive research is done for the analysis of tensile fatigue. At the same time,
compression and its effects are usually not considered due to its beneficial influence on
fatigue life. General rule is that compression closes crack, opposed to tension which
opens it [1]. This is true for cases when only compression exist but in other cases,
such as in welding, this statement is not valid. Here, physical effects exist that cause
residual stress such as phase transformation and distortion of crystal surfaces due to
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material melting. During welding, weld is contracting in all directions: longitudinally,
transversely and through thickness. Longitudinal stress causes weld distortion inwards
which consequently causes tensile transversal stress in the middle of the weld [2]. This
effect can be seen in Figure 1.
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Figure 1. Weld stress [3]

Phase material transformation, volume of material, boundary conditions and
geometry shape are critical variables which define residual stress. Influence of
compressive, tensile, and residual stress is shown in Figure 2.
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Figure 2. Influence of stress character on fatigue life [3]

Fatigue life is important parameter in designing a product, but it is hard to calculate
it in real life due to many factors that influence it. Also, experimental tests are expensive,
require a lot of time and resources so experimental data is often lacking. In order to
investigate it more, Hamburg University of Technology conducted experiments on
welded specimen submitted to alternating and compressive stress cycles, R=-1, and -oo
[4]. Test specimens were extracted from two different plates with different thickness,
25mm and 10mm respectively, with length of 250mm (both) and the width of 55mm.
Dimensions of the test specimen are shown in Figure 3. During welding, U-profiles
are welded on the sides so that additional deflection should not occur.
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Figure 3. Test specimen [4]

Also, process of welding was monitored, and temperature measurements were
done, Figure 4 [4].
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Figure 4. Thermal measurements [4]
Due to residual stress, test specimen is deformed and additional plates are

introduced to minimize secondary bending during tensile test, Figure 5.
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Figure 5. Test specimen deformation [4]

Residual stress is measured by two experimental methods: X-ray method and hole
drilling method [3]. Hole drilling method is the most popular method for assessing
residual stress [5]. Method has high variety of uses, such as in the analysis of tubular
steel joints [6], or by combining it with digital image correlation for fatigue calculation
[7]. For non-destructive test, X-ray method is the most popular, but accuracy is only
valid up to several microns of depth [8].
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Figure 6. Residual stress [3]

There are numerous physical processes occurring during the welding (phase
transformation, high thermal loads), so material properties can vary [9]. Due to
uncertainty in material data properties, well known steel S355 was used [10] and
metal active gas welding was chosen as a manufacturing process. Both plates and
weld are made from the same already mentioned material. Fatigue calculations are
commonly focused on the high cycle’s fatigue, between 10° and 107 cycles while load
amplitudes are constant. In the case of low cycle fatigue, calculations are based on the
accurate plastic strain value which presume very accurate elastoplastic model [11]. In
this work, elastoplastic model is not calibrated and tested so low cycle fatigue will not
be in focus of research. Opposed to the low cycle fatigue, very high cycle fatigue with
number of cycles >107 is not driven by the strain but instead by the stress. In the high
cycle regime, additional factors such as surfaces treatment [12], surface integrity [13],
inclusion size [14] and others are influencing the results. Even though these factors
make more influence in the area of very high cycle fatigue (>107), they can start to
influence around 10° cycle area, but this will not be covered in this article.
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Goals of this research are:

* determine residual stress of the welded specimens due to high temperature
and thermal expansion,

* compare residual stress values to measured values in [3],

 study influence of residual stress on the full compressive load and fatigue life
in fully compressive load, R= -0,

» compare fatigue curve obtained by numerical simulation with experimental
one.

Results obtained by numerical calculation with FEM method will be compared to
the experimental results done on Hamburg University of Technology [4].

2. Methodology

A methodology for fatigue life estimation based on FEM analysis using multiple
ABAQUS solvers will be presented. Starting reference is the experimental test published
in doctoral thesis [3] and results published by Maarstruct report [4]. Full simulation
schematic is shown in Figure 7. Procedure is next:

1. First step is heat transfer analysis which consists of 12 steps: 6 steps for weld
passes and 6 cooling steps in between each weld pass. Result of this analysis
are nodal temperatures on the test specimen.

2. Second step is welding structural analysis: thermal expansion where nodal
temperatures from previous step are applied to the identical structural mesh.
Here, stress during welding is calculated due to thermal expansion.

3. A third step, structural analysis: tensile test is test where test specimen is
subjected to tensile load with residual stress incorporated from previous step.

4. Laststep is the fatigue analysis where stress field is transferred from structural
analysis: tensile test to fatigue calculation software, FE-SAFE. Here, number
of cycles until failure are calculated for every nominal load applied.
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Figure 7. Schematic of simulation method

Despite the advanced approach presented, many variables could affect the accuracy
of the results. Some of them are: material property data, manufacturing process
deviations, symmetry condition, inadequate fatigue parameters etc. So initially, Basquin
equation parameters are calibrated for R= -1 with less than 5% correction. Referent
curve and corresponding loads are shown in Figure 8. After this, tensile test is done for
full compression, R= - by using fatigue parameters previously calibrated for R=-1.
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Figure 8. Reference experimental curve [4]

2.1. Heat transfer analysis

Heat transfer analysis solves heat generation problem in solids under thermal load.
This solver can solve both steady state and transient cases. In welding simulation, only
transient case should be considered due to variable heat input. Nonlinearities in this
type of analysis comes from either nonlinear boundary conditions or from material
properties that are temperature dependent. Nonlinearity from material properties is
usually mild because properties do not change rapidly with the temperature. Formula
for heat transfer analysis can be written through energy balance equation:

ij dv = [qdS +[rav (1)
I 5 V

where V'is a volume of solid material, S surface area, p is the density of the material,
U is the material time rate of the internal energy, ¢ is the heat flux per unit area of the
body and r is the external heat source. Here, it is assumed that analysis is uncoupled in
the sense that temperature of the material does not depend on strains and displacements
of the body. Heat is inputted in the analysis through constant temperature method using
“death and birth element” method. This means that analysis is introducing elements
at a constant temperature which is equivalent to the melting temperature. In order to
solve this, diffusive elements are used which allows heat storage and heat conduction.
These elements only have temperature degrees of freedom. Output results are the
nodal temperature. To define heat transfer analysis, data on conduction, convection,
and thermal capacity should be provided [10].
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2.2. Structural analysis

Structural analysis solves equation:
(K, J{au} ={F}-{F"}, @)

where [Kr] is tangent stiffness matrix, {Au} is displacement increment, is external
load and {F™} is internal force vector. Solver iteratively solves this equation based
on Newton — Raphson method by gradually increasing load at each increment and
calculates equilibrium equations. When equilibrium iteration is within specified
tolerance, solver is continuing to the next increment. Maximum size of the increment
is defined by the load amplitude input, in this case temperature. Incremental plasticity
theory with isotropic hardening is used which defines post-yield behavior by defining
true stress-strain diagram after yield. Plastic curves and thermal expansion coefficients
are defined for this problem as temperature dependent [10].

2.3. Fatigue calculation

There are multiple ways and equations how to calculate fatigue and usage of
them is based on assumptions, material, and recommendations. Here, calculations are
based on the Basquin equation [15]. Since stress ratio is different than -1, mean stress
effect exists. Brown Miller algorithm was used following the recommendations [16].

o,=0,N", 3)

where g, is stress amplitude, N number of cycles, o’s and b are Basquin parameters.
Output parameter is number of cycles until failure.

3. Results

Due to limited computational resources, total simulation time is reduced with
factor of 2 by increasing air convection coefficient from standard 10 W/m?K to 40 W/
m?K. Other parameters for heat transfer analysis are: conduction set to 45 W/m?K and
specific heat set up to 455 J/kg K at a room temperature. Width of test specimen, Figure
9, is reduced with the usage of symmetry boundary condition from S5mm to 27.5mm.
Elements that are used for heat transfer analysis are second order hexahedral DC3D20
with average element size in each direction is 8mm and critical weld areas are locally
refined. The melting temperature of the weld is 1450 °C. Focus during the meshing is
on the weld and the critical area which is transition from the weld to the thinner plate.
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Figure 9. Test specimen dimensions and mesh (zoom on the right)

In Figure 10, temperature distribution is compared between actual measurement
on the Hamburg University of Technology [4] and simulation measurement. Results are
given for the same points, shown in Figure 4. Three points are measured on different
locations: 0.5mm, 2.5mm and 5Smm from the weld. Correlation of the results is excellent
between measurement and reduced heat transfer simulation. With this, it can be said
that increasing air convection coefficient o is justified.
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Figure 10. Thermal distribution: a) measurement [4], b) simulation
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Temperature results are applied on the compatible structural mesh. Boundary
conditions are shown in Figure 11. For the heat transfer analysis, only symmetry
boundary conditions are applied. For the structural analysis: thermal expansion, two
additional nodes are constrained as shown in Figure 11 a). Reason why they are fixed
is that in actual welding, additional U-profiles are spot welded on the side to prevent
rotation and displacement of the plate in these sides (Figure 5). Without those additional
boundaries, test specimen would freely rotate. For tensile test, only symmetry and
fixation on the surface is used. Linear expansion coefficient is equal to 1.2
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Addirional BC:
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a)  Stemctuwral analvsis: thermal expansion

Fived surface Svmmimetry

b Steuctural analvsis: tensile fest

Figure 11. Boundary conditions

Simulation showed model angular deformation is similar to the test specimen
angular deformation after welding (Figure 12). Test specimen is bending due to the
thermal expansion [4].
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Figure 12. Deformation after welding
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Progression of plastic deformation during time is presented in Figure 13. Plastic
deformation is occurring in different zones at a different time depending on the welding
progress. This is causing asymmetrical plastic deformation and residual stress. It can
be seen on Figure 13 that area with elements where Weld pass 1 is applied has much
higher plastic strain than on the last Weld pass 6. Reason why is that even though
largest percentage of plastic strain is caused during phase transformation and melting,
neighboring welds are influencing development of plastic strain which is rising. Weld
1 does not experience only phase transformation during welding but also temperature
increase during surrounding weld passes. On the other hand, Weld pass 6 is the last
welding pass so it will only experience phase transformation.
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Figure 13. Plastic deformation zones

Longitudinal stress is shown in Figure 14 and it is compared with the measurement
from [3]: both hole drilling and X-ray methods are compared with the simulation.
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Figure 14. Longitudinal stress
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Simulation differs from both measurement methods at the proximity of the weld
and the gap is smaller away from the weld. Longitudinal stress is not critical in this
case because it will not superimpose with the stress from tensile test.

Transverse stress is the most important as it has the same direction as the stress
caused by the tension that will be applied afterwards. It can be seen in Figure 15 that
results in proximity to the weld are extremely close, <2% difference, which is important
because this is the location of critical section. Away from the weld, stress results differ
which could be result of using the same material properties for heat affected zone and
the rest of the specimen.
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Figure 15. Transverse stress

Results given by FEM method are applied in the numerical software FE-SAFE for
fatigue calculation. Fatigue life curve and corresponding cycles are calculated with the
Basquin equation while Brown Miller algorithm is used for the mean stress correction.
Plastic deformations are not used in fatigue calculation because they occurred only
during welding and force used in tensile test is too low to cause further plastic strain
increase. This means that plastic strain will not cycle but instead will have a constant
value.

Values for fatigue parameters are initially calculated by Universal slope method
(modified by Mason and Muarlidharan [17]).

0.832
o, = 5-0.623(0—;] “

b=-0.09 (%)

where o'y = 885 and b= -0.09 are results from (4) and (5). Angular deformation is
captured with FEM while linear misalignment will be applied as factor:

k,,=1+3=1.033 (6)
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Linear misalignment is hard to physically model for small deformations, less than
Imm [18] but instead, it is usually implemented as a factor [19]. Also, it is shown that
this is acceptable [20].

Initial results are calculated for the stress ratio of R= -1 and compared to the
referent curve, Figure 8. Fatigue life calculations estimates 290000 cycles until failure
for a nominal stress of 200 MPa. With this, small calibration of the Basquin parameters
calculated by Universal slope method should be done. Only ¢’ is calibrated by a little
margin, from 885 to 878. Second parameter, b which defines fatigue life curve slope
was not calibrated.

a) o'y =885 b) o', =878

Figure 16. Fatigue life calibration for R=-1: a) calculated o'sand b) calibrated c'y

Finally, results comparison for the full compression, R= -oo are shown in Figure
17. It can be noticed that in lower area of fatigue, <10° cycles, results are close enough
with the difference of 10%, but when going into area above 2 million cycles, results
diverge significantly, >100%. Reason for this cannot be known without additional test
of material properties and their dependency on temperature, surface treatment factors
(having an increasing influence at higher number of cycles), etc. This is out of the scope
of this article and could be done in future research.
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4. Discussion

Deviation from experimental testing can occur from many different reasons. One
of them is lack of fatigue data and repeatability of the test specimen testing. Second
reason is control of manufacturing and geometrical sensitivity of the test specimen.
Additional parametric study was done to test the sensitivity of results on the weld
geometry. High discrepancy between maximum stresses in the case of local weld radius
change was noticed. In the parametric study, nominal force of 160 kN was applied as
a tensile force and two radii are changed: between Weld pass 4 and Weld pass 6 and
between thinner plate and Weld pass 6. It can be seen that for a small change of radius,
0.0035 to 0.0045mm, stress can increase from 450 to 541 MPa which is over 20%.
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Figure 18. Geometrical sensitivity

Factors of surface treatment are not included in the analysis which can also lead

to the wrong results in the higher fatigue area.
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5. Conclusions

Compression fatigue calculation is presented in the paper.

Heat transfer analysis using constant temperature reached satisfactory results.
Temperature measurement in experiment and simulation differ by less than 5% so it
can be concluded that chosen material model with time reduction captures heat transfer
behaviour correctly leading to correct analysis.

Structural analysis: thermal expansion, showed different results than those
measured. Longitudinal stress showed rather high deviation from measurement, but
transversal stress showed good fit close to the weld root. Away from the weld, results
differ. It is suspected that heat affected zone is not adequately modelled or elastoplastic
material model is not adequate. Further research should focus on modelling heat
affected zone with different material properties and investigate elastoplastic model and
its dependency on temperature.

Even with rather inaccurate longitudinal residual stress, fatigue analysis showed
satisfactory results for less than 1 million cycles. Difference between simulation and
experiment was in the range between 10 and 20 %. This is because transverse stress is
more important, and it was much closer to the measurements. Higher number of cycles
diverged from the testing with giving only half of number of cycles that experiment
gave. This could be due to numerous reasons: beneficiary behaviour of multiple factors
such as surface treatment on the fatigue life or limitation in fatigue algorithms for the
analysis. Additionally, slope of the fatigue life curve which depends on the Basquin
parameter b should be further calibrated.

Nomenclature

Abbreviations:
MAG Metal active gas
FEM Finite element method

SN Stress-Number of cycles

Latin Symbols:

b Basquin exponent (-)

ki linear misalignment factor (-)
e

N number of cycles (-)

Greek symbols:

o convection transfer coefficient (W/m?K)

c stress (MPa)

o' Basquin parameter (MPa)

Om mean stress (MPa)
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Subscripts:

X longitudinal direction
y transverse direction

z thickness direction
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7. APPENDIX
Opposed to the complex study shown in the article, two other approaches were

tried in order to see can the compressive fatigue be solved with less complex methods
and possibly save significant amount of time.

7.1 Analytical approach

First approach is done by linear regression [21] which takes into the account mean
stress correction:

N =2-10°- (£2)732 (7)
a,
Boog = %5 ®)
R?’"

where Ao is equivalent stress amplitude, R,, tensile strength, c,,, mean stress and N
number of cycles. Here, Morrow mean stress correction is taken.
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With this formula, mean stress effect is taken into the account so fatigue curves
can be cone for different stress ratios R=-1, -oo or different stress amplitudes

Disadvantages of this approach is that does not include any physical effect or
any residual stress nor mean stress amplitude changes value with the change of load
direction (tension/compression). Results approximated for R=-co are shown in Figure
19.
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Figure 19. Fatigue curve for R=- with first approach

Results in Figure 19 show that the slope of the tested curve is completely different
then the experiment and it will accurately predict only zone around 5 million cycles.
Opposed to the experimental curve which has big slope due to residual tensile stress,
curve gain by first approach is not showing this behaviour. This approach should not
be regarded as valid.

Pomorski zbornik Posebno izdanje, 245-263 261



Simun Sviligi¢, Smiljko Rudan

Assessing the Compression...

7.2 Elastic approach

Second approach combines linear elastic FEM model by using second order
hexahedral elements, C3D20 and fatigue calculation. Design of test specimen, Figure
8 is reversely engineered from the presented test specimen [4] and this will be used for
calculation. Newly designed test specimen is shown in Figure 20.

u

Figure 20. Reversible test specimen

Fatigue curve is first calibrated for the R= -1 curve and then it was used for R=
-. For nominal stress of 200 MPa, maximum stress goes up to 400 MPa which leads
to the stress concentration of 2. In order to get fatigue curve, fatigue parameters will
need to be solved. For this fatigue area, Basquin equation is used so parameters that

are calibrated are o,and b.

Momimal stress,
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&
Maximunm stress, 400 MPa
h
a) FEM model
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b) Fatigue curves for R=-1
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Figure 21. Second approach

Disadvantage of this approach is that no physical effect is model but instead,
replaced with artificially increased value of Basquin parameters by calibrating it
with reference R= -1 model. Curve shown in Figure 21 for R= -co is not accurately
representing the fatigue live. For low cycle’s fatigue, it is undervaluing the life and
for higher cycles fatigue it is overvaluing the life. Again, reason behind this is that
residual stress from welding is missing as a physical effect. This approach should not
be regarded as valid.
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