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Abstract

The present investigation is concerned with the high-cycle axial fatigue behaviour of a third
generation Al-steel butt weld made by hybrid metal extrusion & bonding (HYB). In this
particular weld, metallurgical bonding is achieved by a combination of microscale mechanical
interlocking and intermetallic compound (IMC) formation, where the IMC layer is in the sub-
micrometre range (< 1pum). During high-cycle fatigue testing this microstructure provides a
high intrinsic resistance against interfacial cracking. In the as-welded condition, fatigue
fracture typically initiates at the weld toe on the aluminium side of the joint due to the
unfavourable effect of having a geometrical stress riser localised inside the soft heat-affected
zone. Since the interfacial bond strength is not a limiting factor, the fatigue properties of the
Al-steel HYB butt weld are seen to fully match those of corresponding Al-Al weldments

produced by gas metal arc welding, laser beam welding and friction stir welding.

Keywords: Solid-state welding, hybrid metal extrusion & bonding (HYB), aluminium-steel butt

welding; high cycle fatigue; S-N curves.
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Nomenclature

A Curve-fitting constant
Al Aluminium
B Curve-fitting constant

BM Base metal

DIC Digital image correlation
E Elastic modulus
FE Finite element

FM Filler metal
Finax Maximum force
Fmin ~ Minimum force
FW Filler wire
HAZ Heat-affected zone
HYB  Hybrid Metal Extrusion & Bonding
IMC Intermetallic compound

K Strength index

n Strain hardening exponent
Ny Number of cycles to failure
r? Correlation coefficient

R Loading ratio
RT Room temperature

SEM  Scanning electron microscope

t Thickness

w Width
Ao Stress range
Eeng Engineering strain
Ef Fracture strain
&p True plastic strain
Oel Elastic limit
Oeng Engineering stress
Op True plastic stress

oyrs  Ultimate tensile strength
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Oys Yield strength
o Sampling variance

v Poisson’s ratio



1 Introduction

Today’s automotive design relies heavily on the use of mixed-materials solutions, promoting
weight reductions and manufacturing of eco-friendly vehicles with enhanced performance and
functionality [1-4]. This creates a demand for improved multi-material joining methods that
can compete with and eventually replace existing ones [3-7]. However, because the
requirements of the resulting joint integrity are very stringent, considerable benchmark testing
and documentation are needed before a new, innovative process will be adopted and used in

production in the automotive industry [8].

Considering aluminium (Al)-steel welding, which is the focus area of the present study,
benchmarking is usually done against well-proven commercial methods such as gas tungsten
arc welding (GTAW), gas metal arc welding (GMAW), pulsed GMAW (PGMAW), laser beam
welding (LBW), cold metal transfer welding (CMTW) and friction stir welding (FSW), either
used separately or in combination [6, 7, 9-34]. All these processes have in common that they
enable metallurgical bonding via intermetallic compound (IMC) formation [9, 35-37].
However, since IMCs, in general, are both hard and brittle, many Al-steel welds will be prone
to interfacial cracking and consequently display low yield and tensile strengths during tensile
loading [13, 14, 23, 31-33, 38-46]. Still, low-heat input methods, like FSW and CMTW, can
be used to produce Al-steel welds with sufficient static strength to make them suitable for
automotive applications [16, 47]. This is because the low process temperature reduces the risk

of excessive growth of the IMC interface layer during welding [48].

Hybrid Metal Extrusion & Bonding (HYB) is a relatively new solid-state joining method for
metals and alloys. The HYB method, which is based on the principles of continuous extrusion,
utilizes aluminium filler metal (AI-FM) additions in combination with severe plastic
deformation of the base and filler metals to consolidate the joint [49, 50]. Although the original

idea was to use HYB only for welding of aluminium alloys, the method has evolved into a
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multi-material joining process capable of handling a wide range of base metal combinations
(Al, Fe, Ti and Cu) [49, 51-58]. Recently, its potential for butt welding of 4 mm thick plates of
AA6082-T6 and S355 structural steel has been demonstrated [59-61]. For example, the third
generation Al-steel HYB butt weld reveals tensile strength values up to 266 MPa in the as-
welded condition [61]. This is due to its favourable interface microstructure, which prevents
cracking along the bond line during tensile loading [61]. As a result, all plastic deformations
throughout necking and final fracture occur in the heat-affected zone (HAZ) on the aluminium
side of the joint, while the steel part remains within the elastic regime [61]. This favourable
deformation mode has also been observed in conventional Al-steel butt joints made by CMTW
and FSW [16, 62-67]. However, in most of these cases, a soft aluminium base metal (Al-BM)
is used in combination with structural steel [16, 62-66]. Hence, the tensile properties of the
third generation Al-steel HYB butt weld surpass those reported for comparable friction stir

welds [61].

Interfacial cracking is also a serious problem in fatigue testing of Al-steel welds, particularly
if the welds are encumbered with defects like root and surface cracks or suffer from the lack of
bonding. This undesirable fracture behaviour is typical for Al-steel lap and spot welds [68-77]
as well as Al-steel butt welds [63, 78, 79]. In the latter case, it is therefore necessary to use
machined or polished specimens to remove visible flaws and surface imperfections prior to
fatigue testing in order to obtain consistent and reproducible results [63, 78, 79]. Still, even
under such idealised conditions, final fracture usually occurs along the IMC layer at the Al-
steel interface [63, 78, 79]. This substantiates the important role that the interface

microstructure plays in the fatigue behaviour of Al-steel welds.

Therefore, it would be of interest to put the third generation Al-steel HYB butt weld to the test
and check out whether the combination of microscale mechanical interlocking and IMC

formation provides a bond strength that is sufficient to prevent interfacial cracking during



cyclic tensile loading. Accordingly, the main objective of the present work is to evaluate the
fatigue properties of the third generation Al-steel HYB weld, with the main emphasis on its
macrostructural characteristics. This will be achieved by conducting high-cycle axial fatigue
testing of as-welded specimens, along with optical microscope examinations of the joint cross-
section and scanning electron microscope (SEM) examinations of selected fracture surfaces to
reveal the crack initiation points. In addition, dedicated finite element (FE) simulations will be
conducted to identify the geometrical stress risers that trigger fatigue crack initiation in the
HYB joint upon tensile loading. Finally, due to the lack of validated literature data for as-
welded Al-steel butt welds, the fatigue properties will be benchmarked against corresponding
data reported for comparable Al-Al butt welds produced using conventional welding
techniques. Based on these examinations, new insights into how Al-steel butt welds with

optimised bond strength behave under fatigue loading have been obtained.

The remaining parts of this paper are structured as follows. First, an overview of the
experimental set-up, test procedure and FE modelling will be given. Then, the main results
from the fatigue testing and fractographic examination are presented, followed by a discussion

of the main findings. Finally, the main conclusions will be given.

2 Method

2.1 Materials, welding conditions and joint properties

The Al-steel butt joint selected for the fatigue testing is identical to the 4 mm thick third
generation Al-steel HYB butt weld referred to in the introduction. Since details of the applied
experimental set-up and welding conditions used to fabricate the joint have been reported
elsewhere [61], only a brief summary is given below along with some additional information

about its interface microstructure and tensile properties.



Figure 1 shows a schematic drawing of the experimental set-up used in the welding trial.
Included is also a sketch of the HYB PinPoint extruder, highlighting its core parts. As a starting
point, the two 4 mm thick base plates are first mounted in a fixture so that a 3 mm wide I-
groove forms between them. The plates rest again on a grooved steel backing to facilitate the
formation of a shaped root crown. The @7 mm rotating pin tip is then submerged into the
groove while being accurately positioned to make sure that it barely touches the steel groove
wall during welding without machining it. The pin itself is provided with four moving dies.
This allows the Al-FM to flow into the groove below in a continuous manner as soon as the
aluminium filler wire (Al-FW) hits the abutment and the pressure build-up in front becomes
sufficiently high to initiate extrusion. In this set-up, the stationary housing is also equipped
with a separate die opening at the rear for partial outlet of the extrudate. This means that a
shaped weld reinforcement will form on the top of the joint. Further details about the HYB

PinPoint extruder and its tool parts can be found elsewhere [49, 50, 80].

During butt welding the HY B PinPoint extruder with its submerged rotating pin tip slides along
the joint line at constant speed and continuously fills the entire weld groove with solid
aluminium in one pass [49, 54]. The specific operational conditions employed in the
manufacturing of the third generation Al-steel HYB butt weld are summarised in Table 1.
Table 2 and Table 3 list the chemical compositions of the Al-FW, the aluminium base metal

(Al-BM) and the steel base metal (S-BM).



Pin rotation

I-groove:
3 mm

%Stationary
| housing

Advancing side

Retreating side s _

Grooved steel backing

Figure 1 Schematic illustrations of the HYB PinPoint extruder and experimental set-up used in the

manufacturing of the third generation Al-steel HYB butt weld.

Table 1 Operational conditions employed in the manufacturing of the third generation Al-steel HYB butt weld

[61].

Pin rotation Travel speed Wire feed rate Groove width Gross heat input
(RPM) (mm/s) (mm/s) (mm) (kJ/mm)

400 9 155 3 0.30

Table 2 Chemical composition (in wt.%) of the rolled AA6082-T6 base metal (AlI-BM) and the @1.4 mm AA6082-

T4 filler wire (Al-FW) used in the manufacturing of the third generation Al-steel HYB butt weld [61].

Material Si Mg Fe Cu Mn Cr Zn Ti Zr B Others Al

Al-BM 1.21 071 024 0.06 0.59 0.04 0.04 0.020 - - 0.150  Balance

Al-FW 1.11  0.61 020 0.002 051 0.14 - 0.043 0.13 0.006 0.029 Balance

Table 3 Chemical composition (in wt.%) of the rolled S355 steel base metal (S-BM) used in the manufacturing of

the third generation Al-steel HYB butt weld [61].

Material C Si Mn P S Cr Ni Cu Al Nb B N Fe

S-BM  0.056 0.01 0.46 0.009 0.003 0.02 0.04 0.0l 0.041 0.006 0.0001 0.003 Balance

A macrograph of the transverse cross-section of the 4 mm thick Al-steel HYB butt weld is
shown in Figure 2(a). Because the steel plate is located on the advancing side (AS), the down-

flow of the AI-FM from the upper part of the groove towards the root region will be most
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extensive along the Al-steel interface, as illustrated by the white arrows in the image. This
provides favourable conditions for metallurgical bonding by IMC formation. In fact, the
rotating pin tip-steel groove wall interaction is so severe that the Al-steel interface becomes
wavy because of scribing, as shown by the SEM backscatter electron image in Figure 2(b).
This gives additional bond strengthening through mechanical interlocking [53, 60, 61]. At the
same time the IMC layer is seen to be in the sub-micrometre range (< 1pum), indicating high
intrinsic resistance against cracking during tensile loading [61]. On the retreating side (RS),
the material flow is dominated by the rotating action of the pin. Hence, the AI-BM will be
dragged along with the pin and subsequently deposited in the groove behind, as indicated by
the black arrow in Figure 2(a). In the HYB case, metallic bonding between the AI-FM and the
Al-BM is achieved through a combination of oxide dispersion, shear deformation, surface

expansion and pressure [53, 54].

(b)
S-BM
IMC layer

P

Figure 2 Metallographic characterisation of the third generation Al-steel HYB butt weld; (a) Macrograph of
a transverse section of the joint and (b) SEM backscatter electron image of the Al-steel interface at the position

indicated in (a).

Table 4 summarises the measured yield strength (o), tensile strength (oyrs) and fracture strain
(&) of the third generation Al-steel HYB butt weld tested in the as-welded condition [61].
Included are also the corresponding mechanical properties of the aluminium and steel base

metals. It has previously been shown that the tensile strength of the Al-steel HYB butt joint



exceeds most comparable Al-steel butt welds made using conventional welding techniques,

including FSW [61].

Table 4 Summary of the measured yield strengths (0ys), tensile strengths (Oyrs) and fracture strains (€f) of the

Al-steel HYB butt weld (HYB j1.s0e)), the AA6082-T6 base metal (AI-BM) and the S355 steel base metal (S-BM)

[61].
Property HYB Ajsteel Al-BM S-BM
oys [MPa] 198 325 412
oyrs [MPal] 266 349 498
&r [%] 7 14 28

2.2 Fatigue testing

Figure 3 shows a photograph (top view) of the entire Al-steel HYB butt weld, where the
approximate locations of the fatigue specimens used in the present study are indicated. They
are labelled F1 through F12 from left to right in the image. The other parts of the weld have

previously been used for tensile testing and microscope examinations, as reported in Ref. [61].

Welding/rolling
direction

Figure 3 Overview of the entire third generation Al-steel HYB butt weld showing the approximate locations
and correct labelling of the transverse specimens being used in the fatigue testing. The welding/base plate

rolling directions and the total length/width of the butt-welded plates are also indicated in the image.

At present, no standard test method exists for fatigue testing of dissimilar material weldments.

Therefore, the transverse fatigue test specimens were prepared in accordance with ASTM
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standard E466-15 [81]. In the present case, however, the specimen’s parallel length was
extended to 40 mm to make sure the entire soft zone on the aluminium side of the joint was
captured by the sampling area. All specimens had their centre located in the middle of the weld.
In total twelve fatigue specimens sampling different regions of the Al-steel HYB butt weld
were prepared. In addition, fourteen specimens sampling the T6-heat treated Al-BM were
extracted and prepared from a separate base plate. Note that all specimens were tested in either
the as-welded or the as-received condition, implying that their surface finish has not been
altered by machining or polishing prior to fatigue testing. The dimensions of the fatigue

specimens are further highlighted in Figure 4.

R4 g 4 6 4
— 5 — i el
40 ' 65 ' R8O 35
(a) (b)

Figure 4 Schematic drawings showing the shape and dimensions of the fatigue specimens used in the present
investigation; (a) the Al-steel HYB butt weld specimens and (b) the Al-BM specimens. All numbers provided

are in mm.

Constant-amplitude axial fatigue tests were carried out using a sinusoidal load-time mode at a
fixed stress ratio R of 0.1. The tests were conducted at room temperature (RT), employing an
Instron E10000 ElectroPuls electrodynamic test machine provided with a load cell of 10 kN
(operating at 30-50 Hz). The fatigue life of the specimens tested was defined as the number of
cycles to total fracture at a given stress range. Similarly, in cases where test failure did not
occur, the test run-out was set to 2 - 10° cycles. To obtain the desired high-cycle fatigue S-N
(stress-life) diagrams, the maximum applied stress level during testing was first set to about
67% of the measured ultimate tensile strength (UTS) for each category of test specimens.

Subsequently, the maximum stress level was gradually decreased/increased to obtain data in
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the range of 10* —2 - 10° cycles to failure. Details of the applied load and frequency for each

individual specimen tested can be found in the Appendix.

2.3 Fractographic examinations

Selected fracture surfaces of broken fatigue specimens were examined in a Quanta FEG 450
scanning electron microscope (SEM) at different magnifications to determine the crack
initiation point and the subsequent propagation direction. These fractographic examinations

were conducted at an acceleration voltage of 20 kV.

2.4  Finite element simulations

2.4.1 Main purpose

Finite element (FE) simulations of the Al-steel HYB butt weld were conducted to evaluate how
factors, such as the upper and lower weld reinforcements in combination with the previously
observed HAZ softening, affect the resulting stress distribution during tensile loading. Because
the third generation Al-steel HYB butt weld is not prone to interfacial cracking, a simplified
approach just focusing on these two aspects is deemed to be sufficient to expose potential
geometrical stress risers triggering the fatigue crack initiation in the present HYB joint. Thus,
the main purpose of the FE model is to evaluate and quantify the stress distribution in the

specimen upon loading.

2.4.2 Modelling

The simulations were done using the commercial finite element (FE) software code
ABAQUS/CAE 2017. As a starting point, a full three-dimensional ABAQUS model of the
HYB Al-steel fatigue specimens was made, based on inputs from Figure 2 and Figure 4(a)
and extended to the third dimension. No fictious radii were used at the weld toes. Furthermore,
by assuming perfect bonding across the interface, the Al and steel regions of the weld can be

modelled as two individual objects and assembled using tied constrains. The Al part is
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modelled as a deformable object presented by a solid mesh of about 510,000 linear brick
elements (C3D8R). A finer mesh is chosen at the upper and lower weld toes of the specimen,
where most of the plastic deformation occurs due to the HAZ softening. On the other hand, the
steel part is modelled as a rigid body, meaning that neither stresses nor strains are calculated.
The applied boundary conditions were similar to those deemed prevailing during the
experimental fatigue testing, i.e. all six degrees of freedom (DOFs) were fixed in the grip-
section of the steel part, whereas the grip-section of the Al part was fixed in five DOFs,
allowing displacement in the axial loading direction only. A concentrated tensile load, up to
the maximum nominal tensile strength of the welded joint, was applied on the end of the Al

region in the FE simulations.

2.4.3 Materials input data

In welded assemblies, local variations in material properties will affect the resulting stress
distributions during loading [82]. To capture the effect of steep gradients in the material
properties between the different regions, the FE-model of the joint is divided into different
material zones. In total, four different material zones are applied in the FE-model, i.e. the Al-
FM, HAZ(1), HAZ(2) and the unaffected Al-BM, as shown in Figure 5. The sub-division is
done on the basis of the optical image of the weld zone shown in Figure 2 as well as on inputs
from the previous digital image correlation (DIC) analysis of the deformation behaviour of the
same joint during tensile testing [61]. The DIC data called for employing two different HAZ

regions to allow the important softening effect to be captured in an adequate manner.
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Figure 5 Sketch of the transverse section of the modelled fatigue specimen showing the geometry of the weld

reinforcements and the sub-division of the HYB weld into different material zones. The weld toe angles are

provided in degrees, while all other numbers are provided in mm.

In the FE-model, relevant material input data are needed for each material zone. Since the S-
BM is treated as a rigid body, no material properties are assigned to this section. The required
true stress-true strain input data for both the Al-BM, the Al-FM, the HAZ(1) and the HAZ(2)
have been obtained from three different sources [56, 61, 83]. In the ABAQUS model, the initial
yield surface is assumed to be isotropic and display isotropic work hardening. The elastic limit,

0.1, corresponds to the load where the material response starts to deviate from the linear

behaviour, sometimes referred to as the 0.01% offset proof stress in the literature [84]. In the

present case, g, is determined based on a semi-quantitative analysis of the reported stress-

strain data. In the plastic regime, the isotropic work hardening behaviour is captured by fitting
the true stress-true strain curves to Ludwiks’ law [85]:

o, = K(ey)" (1)
where gy, is the true plastic stress, &, is the true plastic strain, while K is the strength index, and

n is the strain hardening exponent. Table 5 summarizes the main material input data used in
the FE-model, including the relevant values for o,;, K and n for the different material zones in

question.
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Table 5 Summary of the material input data used in the FE-model to capture the deformation behaviour of the
6082-T6 aluminium base metal (AI-BM), the 6082-T4 aluminium filler metal (Al1-FM) and the HAZ(1) and HAZ(2)
materials. Here E is the elastic modulus, v is the Poisson’s ratio, O is the elastic limit, whereas K and n are the

material parameters in Ludwik’s law.

E [MPa] v g.1 [MPa] K [MPa] n Source
Al-BM 290 266.1 0.4989 [83]
Al-FM 177 407.4 0.5998 [56]
70000 0.33
HAZ(1) 150 375.0 0.4910 [61]
HAZ(2) 170 351.9 0.4772 [61]

3 Results

3.1 Response of Al-steel HYB butt weld and Al base metal to axial fatigue loading

As a starting point, all specimens were visually examined before they were subjected to fatigue
testing. The specimens were found to be free from macroscopic flaws like root cracks and
surface defects. However, one of the specimens (i.e. specimen F4) contained visible cracks in

the weld root region prior to testing, which is deemed to affect the resulting fatigue properties.

The main results from the fatigue testing of the Al-steel HYB butt weld and the AlI-BM are
summarized in Figure 6 (see Appendix for original fatigue test data). Included in this double
logarithmic S-N (stress-life) diagram are both the measured fatigue data for specimens that
failed during testing, the run-out data (denoted by black arrows), the best-fit linear regression
line (i.e. mean S-N curve) and the 95% confidence band of the mean curve for the two data sets
in question. The linear regression analysis was conducted in accordance to ASTM standard

E739-10 [86], where the mean S-N curve is presented on the form:
10g10 Nf =A+B- lOglo Ao (2)

where Ny is the number of cycles to failure, Ao is the stress range of the applied amplitude,

while A and B are curve-fitting constants. Note that neither the data point in brackets, which
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represent specimen F4 containing visible root defects prior to testing, nor the run-out data are
included in the regression analysis. Table 6 summarises the calculated values for the constants
A and B in Equation (2) along with the estimated variance ¢ of the normal distribution for log
N and the correlation coefficient 7 for the two data sets. Note that the applied sampling
procedure (i.e. sample size and tests replicability) is in accordance with that required by ASTM
standard E739-10(2015) for research and development testing of components and specimens

[86].

It is evident from Figure 6 and Table 6 that the fatigue properties of the Al-steel HYB butt
weld are significantly lower than those of the AlI-BM. This is similar to that observed during
fatigue testing of welded components in general [87]. Moreover, a closer inspection of Figure
6 reveals that the spread in data is relatively low, as indicated by the estimated variance of the
normal distributions and the calculated values for the correlation coefficients in Table 6.
Hence, the present HYB joint yields consistent and reproducible results in the as-welded

condition.
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Figure 6 Summary of the results from the fatigue testing of the Al-steel HYB butt weld (HYB 4.se)) and the
aluminium base metal (Al-BM). Included is also the calculated mean S-N curve and the corresponding 95 %

confidence band for each data set.

Table 6 Summary of the results from the linear regression analysis of the fatigue data presented in Figure 6,

where A and B are constants, G is the estimated variance of the normal distribution for log N and 12 is the

calculated correlation coefficient.

Type of specimen A B o r
Al-BM 14.17 -3.92 0.0877 0.961
HYBLsteel 15.61 -5.04 0.1467 0.932

3.2 Fracture analysis

After fatigue testing, all specimens were visually examined. Figure 7(a) and (b) show the
resulting fracture location of two representative specimens (i.e. F5 and F10) being extracted
from the central and end region of the butt weld, respectively. As can be seen from the
photographs, final failure typically occurs at the weld toe on the aluminium side of the joint.
This failure mode is representative of ten out of twelve specimens tested. For specimen F4,
which contained large visible cracks in the root region prior to testing, the final fracture is seen
to run close to the Al-steel interface, as shown in Figure 7(c). This is not surprising,
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considering the previously mentioned devastating effect that defects have on the fatigue life of
Al-steel welds. In addition, one specimen (i.e. F3) did fracture in the central part of the weld,

i.e. inside the so-called extrusion zone (EZ), as can be seen from Figure 7(d).

Figure 7 Photographs revealing the fracture path of selected specimens following fatigue testing, (a) specimen

F5, (b) specimen F10, (c) specimen F4 and (d) specimen F3.

After visual examination, selected fracture surfaces were examined in the SEM in order to
determine the fatigue crack initiation points. Figure 8(a) and (b) show low magnification
fractographs, revealing the entire fracture surface of the two previously selected specimens F5
and F10 located in the central and end region of the butt weld, respectively. As can be seen
from Figure 8(a), which refers to specimen F5, the fatigue crack initiates at the weld face. In
contrast, the crack initiation in specimen F10, which is located at the end of the weld, started
in the weld root region, as shown in Figure 8(b). This initiation mode is representative of nine
out of twelve specimens tested, including specimen F3, which fractured inside the EZ (see
Figure 8(c)). Hence, just three of the specimens (i.e. F1, F2 and F5) did reveal fatigue crack

initiation at the weld face.
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Figure 8 SEM images of selected fracture surfaces of broken fatigue specimens taken from different parts the

Al-steel HYB butt weld; (a) specimen F5 tested at a stress range of 112 MPa, (b) specimen F10 tested at a
stress range of 160 MPa and (c) specimen F3 tested at a stress range of 135 MPa. Blue arrows point towards
the fracture surfaces being examined, while white arrows indicate the fatigue crack initiation point in each

case.

4 Discussion

4.1 Finite element analysis

As a starting point, the FE model is validated against the static experimental stress-strain curve
for the third generation Al-steel HYB butt weld, which is based on the tensile test results and
the DIC data reported in the previous study [61]. Figure 9 shows a comparison between the
measured (solid line) and simulated (dashed line) engineering stress-strain curves. Note that,
in both cases, the measuring area was 15 mm, extending from the Al-steel interface to the
unaffected Al-BM as indicated by the sketch in the lower part of Figure 9. It follows that the
FE model gives a fair representation of the mechanical response during tensile loading. This
indicates that the simulation set-up is sound and that the applied input data and boundary
conditions are reasonable in the context of the model being developed. Furthermore, the
comparison shows that the simplified stress-strain model used in the FE analysis also provides
a good representation of the uniaxial case. Hence, the FE model is deemed to be sufficiently
relevant and comprehensive to be used in the more detailed forthcoming analyses of the local

stress risers that trigger the fatigue crack initiation in the present HYB joint.
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Figure 9 Comparison between simulated (dashed line) and measured (solid line) engineering stress-strain
curves for the third generation Al-steel HYB butt weld. Included is also a sketch showing the location of the

measuring area used to extract the two stress-strain curves.

During the experimental fatigue testing, the applied maximum nominal stress was typically in
the range of 100 to 175 MPa. Therefore, in the FE model, a tensile load up-to 175 MPa was
simulated to render the first peak load reached during fatigue testing. Figure 10(a) and (b)
show contour plots of the calculated stress distribution in the Al-steel HYB butt weld at a
maximum nominal stress of 150 MPa and 100 MPa, respectively. These values fall within the
central and lower part of the S-N (stress-life) diagram (see Figure 6). As expected, the two
weld reinforcements give rise to a non-uniform stress distribution in the butt weld at both
nominal stress levels, acting as stress risers. In particular, at a nominal stress of 150 MPa
considerable stress accumulation occurs in the upper part of the joint, as shown in Figure 10(a).
This highly stressed region is seen to extend far into the gauge section of the fatigue specimen
on the aluminium side of the weld. It is believed that the non-uniform stress accumulation,
which reflects the somewhat eccentric joint geometry, sets up an internal bending moment in
the fatigue specimen upon tensile loading. For the tests conducted at the lower maximum
nominal stress level, the stresses in the gauge section seem to be more evenly distributed

through the specimen’s cross section, as shown in Figure 10(b). Hence, a higher stress ratio
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(i.e. the local stress at the weld toes vs. the nominal stress in the gauge section) is generated at
the lower stress level of 100 MPa. Moreover, as can be seen from Figure 10, even though the
nominal stress level in the gauge section is below o, the material will exceed this stress level

locally.

S, Mises
(Avg: 75%)

S, Mises
(Avg: 75%)

Figure 10 Calculated von Mises stress distribution in the third generation Al-steel HYB butt weld during tensile

loading at a maximum nominal stress level of; (a) 150 MPa and (b) 100 MPa. All values provided are in MPa.

Although considerable stresses develop in the HYB joint during testing, the FE model reveals
that neither a maximum nominal stress of 150 MPa nor 100 MPa lead to global plastic
deformations in the gauge section of the fatigue specimen, as shown in Figure 11. This is also
true for the applied maximum nominal stress of 175 MPa (not shown here). However, plastic
strains accumulate locally at the upper and lower weld toes due to HAZ softening. The
accumulated plastic strain concentration is significantly higher at a nominal stress level of 150
MPa (see Figure 11(a)), yet also noticeable at 100 MPa (see Figure 11(b)). This shows the
unfavourable effect of having a geometrical stress riser like a reinforcement inside a soft HAZ

from a fatigue point of view.
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Figure 11 Calculated values for the accumulated plastic strain in the third generation Al-steel HYB butt weld
during tensile loading at a maximum nominal stress level of; (a) 150 MPa and (b) 100 MPa. Note the pertinent

difference in scale magnitude between (a) and (b).

4.2 Origin of fatigue failure

In testing of mono-metallic weldments, it is generally accepted that geometrical discontinuities
such as a weld reinforcement will have a negative effect on the resulting fatigue properties [87-
91]. Since the mechanical integrity of the third generation Al-steel butt weld is not
compromised by bonding defects or reduced bond strength, it has a high intrinsic resistance to
interfacial cracking. Still, its fatigue strength is well below that of the AA6082-T6 base metal,
as shown previously in Figure 6. Obviously, this has to do with the plastic strain accumulation
that occurs both at the upper and lower weld toes during fatigue testing due to accompanying

HAZ softening. This follows from the FE simulation results presented in Figure 11.

Moreover, the fracture analysis of the third generation Al-steel HYB butt weld reveals that
fatigue failure mainly initiates at the weld toe in the root region. Only three out of twelve
specimens did fail at the upper weld toe. The subsequent examination of the joint geometry of

the fractured fatigue specimens disclosed that, in most cases, the root angle was slightly sharper
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than that of the weld face angle. This means that the stress ratio is higher in the weld root
region, which can explain why fatigue crack initiation typically starts here [89]. In contrast, the
FE analysis indicates that the upper weld toe is the weaker part of the joint. However, because
the FE model represents an idealised joint geometry, it does not capture local variations in the
weld toe radii along the joint line. Hence, many of the fatigue specimens being selected for
testing will display the highest stress level in the root region, although this does not show up

in the simulations.

4.3  Benchmarking against validated literature data

As already stated in the introduction, interfacial cracking is a serious problem in fatigue testing
of Al-steel welds, particularly if the welds are encumbered with flaws like root and surface
cracks or suffer from the lack of bonding. Therefore, in the butt welding case testing is instead

done on machined or polished specimens, and not on as-welded specimens [63, 78, 79].

Due to the lack of validated literature data for as-welded Al-steel butt welds, the fatigue
properties will instead be benchmarked against corresponding data for comparable Al-Al butt
welds produced using conventional welding techniques like GMAW, LBW and FSW. This is
permissible, since the third generation Al-steel HYB butt weld responds similarly to that of a

generic (mono-metallic) aluminium weld during tensile loading.

Table 7 summarises the literature data collected for the benchmarking. These data are
presented in the same format as those used for the Al-steel HYB weld shown in Table 6 in
order to enable a direct comparison between the different weldments. Specifically, the data
processing procedure involved fitting of the reported S—N curves to Equation (2).
Subsequently, the linearised curves are plotted in the range of the original test data. The results
are presented graphically in Figure 12, together with the Eurocode 9 design curve for Al-Al
butt welds (i.e. detail category 45-4.3) [87]. Note that Eurocode 9 curve is based on the 97.7%

specific probability of survival, whereas the other curves represent the mean regression line.
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Hence, the Eurocode curve is also valid for a higher survival probability than the other ones in
Figure 12 [87]. Although the applied testing conditions are not exactly the same, it is evident
from Figure 12 that the fatigue properties of the third generation Al-steel HYB butt weld in
most cases exceed those reported for corresponding generic (mono-metallic) aluminium butt
welds, including the Eurocode 9 design curve. Only the 4 mm thick two-pass AA6082-T6
friction stir butt weld is seen to perform slightly better. This is somewhat surprising,
considering the fact the Al-steel HYB weld also is provided with two reinforcements acting as
stress risers during fatigue testing. Therefore, if the upper and lower surfaces of the Al-steel
HYB butt weld instead had been slick like a genuine friction stir weld (which could be achieved
through a modification of the tool design), its fatigue properties could potentially have been
even better. Therefore, more research is necessary to test the ultimate potential of the HYB

process and to optimise the fatigue strength of Al-steel HYB butt welds.

300
250 - HYB

Al-steel
GMAW(1)
200 - - - - GMAW(2)

150

- === FSW(3)
Eurocode 9
100

50

Nominal stress range, Ao [MPa]

30 :
10° 10* 10° 108 107
Number of cycles to failure, Nf
Figure 12 Master plot showing a comparison between the mean S-N curve for the third generation Al-steel

HYB butt weld and those of comparable generic (mono-metallic) aluminium butt welds produced using

conventional welding techniques. These curves have been constructed on the basis of Equation (2) and input
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data from Table 7. Note that the Eurocode 9 design curve is also valid for a higher survival probability than

the other mean curves in the figure.

Table 7 Summary of processed fatigue data for comparable generic aluminium butt welds tested in the as-welded
condition and produced using gas metal arc welding (GMAW), laser beam welding (LBW) and friction stir

welding (FSW). Note that the data presented represent the mean S-N curves (i.e. 50% survival) for all welds.

Process Material Thickness UTSyaa UTSpm R- No. of A B Source
(MPa) (MPa) ratio data

GMAW(@1) 6082-T6 6 221 330 0 8 16.84 -5.68 [92]
GMAW(2) 6082-T6 3 210 323 0.1 16 13.35 -4.35 [93]
LBW 6061-T6 3 265 342 0.1 12 17.37 -5.88 [93]
FSW() 6082-T6 3 226 323 0.1 15 2091 -7.69 [93]
FSW(2) 6082-T6 3 - 320 0.2 7 145  -5.00 [94]
FSW@3) 6082-T6 4 241 330 0 25 1551 -4.84 [95]*

*Double-sided full penetration FS weld.

5 Conclusions
The present work is concerned with high-cycle fatigue testing of a third generation Al-steel
butt weld made by Hybrid Metal Extrusion & Bonding (HYB). The main conclusions from this

exploratory study can be summarised as follows:

e In the Al-steel HYB butt weld studied, metallurgical bonding is achieved by a
combination of microscale mechanical interlocking and intermetallic compound (IMC)
formation, where the IMC layer is in the sub-micrometre range (< 1pum). This makes
the HYB joint highly resistant against interfacial cracking.

e During fatigue testing at constant stress ratio R of 0.1, the 4 mm thick HYB joint
responds consistently to cyclic tensile loading within the entire maximum nominal
stress range examined, as evidenced by a small spread in the experimental data. Still,

the fatigue properties of the Al-steel HYB butt weld are significantly lower than those

25



of the aluminium base metal (Al-BM). At the same time, the S355 steel base metal (S-
BM) remains within the elastic stress region during testing and is thus unaffected by
the applied cyclic loading.

The subsequent fractographic examination of the broken fatigue specimens shows that
final fracture typically occurs at the weld toe on the Al-side of the HYB joint. This
failure mode is representative of ten out of twelve specimens tested. In only one
specimen, which contained large visible cracks in the root region prior to testing, the
final fracture ran close to the Al-steel interface.

Finite element (FE) simulations of the Al-steel HYB butt weld have been conducted to
evaluate how factors such as the weld reinforcements in combination with HAZ
softening affect the resulting stress distribution during tensile loading. The FE
simulations reveal that plastic strains accumulate locally at the upper and lower weld
toe due to HAZ softening. The accumulated plastic strain is obviously highest at a high
maximum nominal stress level but also noticeable at the lowest stress level being tested.
This shows the unfavourable effect of introducing geometrical stress risers, like a
reinforcement localised inside a soft HAZ, from a fatigue point of view.

Due to the lack of validated literature data for as-welded Al-steel butt welds, the fatigue
properties of the HYB joint have been benchmarked against corresponding data
reported for comparable Al-Al butt welds produced using conventional welding
techniques like gas metal arc welding (GMAW), laser beam welding (LBW) and
friction stir welding (FSW). The benchmarking shows that the fatigue properties of the
third generation Al-steel HYB butt weld in most cases exceed those of the other ones.
Only one generic (mono-metallic) AA6082-T6 friction stir butt weld is seen to perform

slightly better.
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e Since the fatigue properties of the third generation Al-steel HYB butt weld are limited
by geometry and reinforcements acting as stress risers, manufacturing of a fourth
generation Al-steel HYB butt weld with slick surfaces should be considered to further
improve the fatigue strength. This can be achieved through simple modification of the
tool design. This suggests that the HYB process has not yet reached its ultimate

potential when it comes to optimising the fatigue strength of Al-steel butt welds.
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Appendix
Table A.1 Summary of the original fatigue test data for the 6082-T6 aluminium base material tested at a constant

stress ratio R of 0.1. Here, w and t are the initial width and thickness of the specimen parallel cross-section, Fmax

and Fyin are the maximum and minimum force being applied during testing and N is the number of cycles to

failure.
Specimen Test
nr. w (mm) t (mm) Finax (N) Frin (N) frequency Ny
(Hz)
1 5.97 3.93 3600 360 40 664339
2 5.94 3.93 5400 540 40 177917
3 5.92 3.94 6000 600 40 84862
4 5.97 3.95 7200 720 30 36222
5 5.94 3.94 2400 240 50 Run-out
6 5.96 3.95 7200 720 30 38074
7 5.98 3.95 6000 600 30 85305
8 5.94 3.92 5400 540 40 199158
9 5.96 3.95 4800 480 40 238934
10 5.96 3.94 3600 360 40 511555
11 5.97 3.93 4800 480 40 208198
12 593 3.95 3000 300 50 Run-out
13 5.93 3.95 4200 420 50 345857
14 3.95 5.94 4200 420 50 Run-out
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Table A.2 Summary of the original fatigue test data for the Al-steel HYB butt weld tested at a constant stress ratio
R of 0.1. Here, w and t are the initial width and thickness of the specimen parallel cross-section (measured
adjacent to the weld crown on the aluminium side of the joint), Fimax and Fuyin are the maximum and minimum
force being applied during testing and Ny is the number of cycles to failure. Included in the table are also the

corresponding fracture location and fracture initiation point for each specimen.

Specimen F Fui Test Fracture Fracture
P w (mm) t(mm) e ™ frequency Ny . initiation
label ™) N) location .
(Hz) point
F1 6.02 3.95 4200 420 40 35152 Al-HAZ face
F2 6.03 3.95 4800 480 30 25424 Al-HAZ face
F3 6.01 4.01 3600 360 40 122930 EZ root
Close to
F4 6.02 4.00 4800 480 30 5103 Al/steel defects
interface
F5 6.01 4.01 3000 300 40 124859  Al-HAZ face
F6 6.02 3.93 2400 240 50 775281  Al-HAZ root
F7 6.02 3.94 2400 240 50 771270  Al-HAZ root
F8 6.03 3.94 3000 300 40 147980  Al-HAZ root
F9 6.02 3.94 3600 360 40 65804 Al-HAZ root
F10 6.02 3.93 4200 420 40 22669 Al-HAZ root
F11 6.02 3.94 2760 276 50 223984 Al-HAZ root
F12 6.00 3.93 2760 276 50 277742  Al-HAZ root
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Highlights

e Al-steel HYB butt joint exhibits unique fatigue properties in as-welded condition
e Interfacial cracking is prevented by a high intrinsic Al-Fe bond strength
e Fatigue crack development occurs at the weld toe on the Al side of the joint

e Joint fatigue strength is comparable with that of corresponding Al-Al weldments
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