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Abstract

This paper aims to quantitatively evaluate the residual stress and fatigue life of T-type welded
joints with a multi-pass weld in different direction. The main research objectives of the
experimental test were to test the residual stress by changing direction along with multiple
wielding passes and determine the fatigue life of the welded joints. The result shows that
compressive residual stress increases in the sample gradually from single-pass weld to double
and triple-pass weld. Moreover, the fatigue life of the specimen also gradually improves with
an increasing number of welding passes. Performing multi-pass welding in different directions
affects the material’s residual stress and fatigue life, which is an essential factor to consider for

assuring the strength of the welded joint.

Keywords: Residual stress; Fatigue life; Multi-pass weld; Bisalloy 80; Strain gauge.

1. Introduction

One of the important factors in the design of structures is the design of joints and its strength
[1-3]. Welding is a type of processing used to combine different materials to create a joint [4-
6]. The need to predict the mechanical strength of engineering components leads to analyzing
the stress distribution within the joint itself [7-9]. The joints between two or more separate
sections of material are formed during welding. Welding of metallurgical materials is majorly
used in building structures, mining equipment’s, bridges, ships, and defence services [10]. The

main advantages of using these welded structures involve excellent joint efficiency, less
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fabrication charge and high air and water tightness [11]. Tensile residual stress exists on the
welded joints due to shrinking when cold [12-14]. Consideration of this residual stress is vital
during structural designing. The main disadvantage of this residual stress is that it can introduce
when high external stress above a specific limit is applied. Nevertheless, due to local heat
produced by welding practice and quick cooling, residual stress can introduce near the weld
joint. This high residual stress can indorse cracks, brittle fractures, and fatigue at the welded
region. Moreover, it also decreases the buckling strength of the structure plates [19]. Therefore,
residual stress from the welding process must be minimized to prevent premature structure
failure.

Residual stresses impact the performance of structural materials in different ways and are
usually present at the joint surface or sub-surface of the welded region. The common effects
are fatigue, stress corrosion, failures, distortions, structural stability [20]. Depending upon
whether the focus is tensile or compressive, residual stress may be detrimental or beneficial.
Rest stresses of the tensile may be too high to deform or break the components. In addition,
tensile stresses are needed to produce fatigue and stress corrosion cracking [21]. As residual
stresses are combined with quantitative applied stress, residual tensile stresses on the surface
combined with tensile stress can reduce component reliability [22]. Indeed, occasionally
residual tensile stress triggers stress cracking. Evaluating residual stress in the welded region
provided insights into the internal stress acting on the structure. However, several factors,
including change in mechanical and thermal behavior due to high heating temperature in the
welding process, makes it difficult to accurately predict the residual stresses [23-25]. Therefore,
estimating the total stress, including external and internal pressure such as residual stress, is
essential while structural designing. In structures, welded joints are assumed to be the weakest
point because of stress concentrations and the low yield strength of the joint material. The
fatigue may result in a welded joint subject to cyclic loading [26]. Fatigue occurs as well as
strains in the material from this cyclic loading. Cracks that decrease the fatigue life of a jointed
assembly begin, spread and expand over the entire lifetime of a welded assembly, causing the
assembly to fail even though these cyclic stresses are smaller and smaller than the base material,
and the welded material generating stress [27, 28]. Hence, the welded joint fatigue was
minimized failures by integrating design considerations into the development process. There
are different ways to minimize the residual stress in the welded structure. Pre-heating,
hammering, vibration stress, weld sequence and arc welding are common approaches used to

reduce this stress in the joint region [29]. Gas arc welding is the most popular method,
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encompassing MIG (Metal Inert Gas) welding, TIG (Tungsten Inert Gas) welding, stick
welding and flux-cored welding. Arc welding processes are the most used of the welding
methods, and most of the remaining stresses and distortions produced to date have been on
In most cases, the necessity arises to design and analyze components with complex geometries
and properties under irregular loads, then the use of existing classical methods causes finding
highly complex governing equations with varied boundary and initial conditions which make
it impossible to solve these equations analytically, and therefore, numerical methods should be
utilized to deal with the conundrum [30-32]. Numerical and analytical methods are used to
determine the fatigue life of engineering structures. Most numerical methods are verified by
experimental and analytical methods [33-35]. The temperature distribution in the weld is
uniform and varies as the welding advances because of the heating locally of a weld [36, 37].
In the weld metal regions and base metal close the weld, the dynamic thermal cycle creates
non-elastic strains. These non-elastic strains create residual stress as the weld cools to the very
first temperature. Another study determined the residual stress effects on the fatigue life of the
welded joint [38]. The study showed that fatigue life decreases with a high rate of fatigue crack
when increasing tensile residual stress. MIG welding is an arc welding process in which a wire
electrode is combined through a welding gun between joints to combine two base materials.
Simultaneously a shielding gas flows in the welding gun for protecting the weld pool from
contamination. This type of welding is quick and gives a long arc time even if the electrodes
are not ultimately charged. Effect of Multi-pass welding on residual stress and fatigue life of
the welded material Various factors like heat and multi-pass welding, including sequence of
weld pass and direction, could alter the magnitude of residual stresses [39]. The past study
proved that the peak values of longitudinal and transversal residual stress decreased by 17%
when welding in inverse direction compared to the results obtained with welding in the same
order [40]. These studies concluded that directional change in welding passes might affect the
magnitude of residual stresses in the welded regions. Liu et al. concluded that if multiple weld
passes were performed instead of a single pass, and when doing the multi-pass weld reduced
the weld’s depth, the residual stresses can be changed the fatigue life of the structure [41].
Massive steel constructions feature many welded connections, some of which are single layer
welded and multi-pass welded, depending on the strength [42]. Significant residual stresses,
which often surpass the material yield stress, are common in welded systems [23]. Knowing
the value of residual stress and fatigue life of various wield pass types before constructing the

structure would aid the designing engineers in considering overall stresses and building the
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structure accordingly [38]. This was help eliminate inaccuracies in a structure’s stress
computation, resulting in increased accuracy in all areas. These studies highlight that welding
sequences with different directions of weld passes can significantly influence the magnitude of
High residual stress in the welded joints may introduce brittle fatigue or fractures. High tensile
residual stress significantly affects the fatigue life of the welded structures, and compressive
residual stress has a favorable impact on fatigue life [43-45]. This combination may endorse
failure by fatigue. Several stress-reducing welding processes, including multi-pass welding,
have been adopted to predict fatigue life and distortion in the material to obtain accurate
residual stress distributions [46-48]. The convenient and efficient method is to select a proper
welding sequence that effectively reduces residual stress because the varying degree of residual
stress on welded structures can cause post-weld manufacturing consequences. Therefore, it is
essential to determine the effect of welding sequences on the specimen’s uneven residual
stresses and fatigue life. The present study was tested how multi-pass welding in different
directions can affect the structural material’s residual stress and fatigue life. The main research
objectives of the experimental test were to calculate the residual stress by changing welding
direction with different wielding passes and determine the fatigue life of the welded specimen.
The experimental test was performed multi-pass welding with different directions to determine
residual stress changes and test fatigue life in the multi-pass welded joint. In the experimental
tests, the MIG welding type was used to evaluate the residual stress and its effect on the fatigue

life of welded joined structure.

2. Materials and methods

The analysis was determined whether the residual stresses differed between the weld pass types
and whether that affected fatigue. Bisalloy 80 steel was utilized for the unusually high
application of MIG to ensure that fatigue failure happens at the welding with all wires utilized
with a diameter of 0.9 mm. There was no cooling time between the first and the consecutive
overlaying weld during the welding process. For testing residual stress and fatigue strength, 12
samples were prepared for all passes (single, double and triple) with four samples in each pass.
Out of the four samples, one was used for residual stress testing, and the remaining three were
used for fatigue life testing. Fatigue crack growth tests were performed using the Instron
machine, for which three samples of single weld pass were used, three of double weld pass,
and three of triple weld pass. Among all 12 samples made, three samples were made for residual

stress testing and 9 for fatigue crack growth testing. A single pass weld on both sides of the T-
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intersection point for the first specimen was performed. The direction of the weld is shown in

Figure 1. The width of the weld was 12 mm for this specimen.

A7

7
i

Figure 1. The direction of single weld pass.

For the second specimen, a double pass weld was performed. The first pass of weld on the
specimen was followed by specimen 1 but only 6 mm of weld this time. For the second
overlapping weld, the direction of the weld pass was opposite to the first weld pass on both
sides. The width of the second weld pass was 6 mm. The total weld width was 12 mm. For the
third specimen, a triple-pass weld was performed. The first and second weld pass on the
specimen was followed by specimen 2. For the third overlapping weld, the direction of the pass
was opposite to the second weld, as shown in Figure 2. The width of the weld passes was used
this time was 4 mm each on both sides, and after the third welding, overlapping of 4 mm was

done, thus contributing to the overall 12 mm width of the weld.

1st Weld 2nd Weld 3rd Weld
pass pass pass
direction direction direction

A \ /
V \ /

Figure 2. Directions of multi-pass weld in sequence.

The residual stresses of the samples were determined by strain gauges (Bestech FLAB-5-11-
3LJC-F gauges of 2.1 +£1% gauges). These strain gauges were positioned at the base of the
bottom plate just below the weld position. Figure 3 shows that the strain gauges were secured

with Eythl 2-cyanoacrylate on both sides of the T-joint. A hydrocarbon solvent was used in the
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region where the strain gauges were positioned for all the residues of flux and strains to be

removed.

Figure 3. Strain gauges below the base plate parallel to the weld joints.

The experimental approach was confined to quantifying the residual stress in the heat and
welding area. An increase of 0.5 mm was machined into the base plate from the top of the weld
through a 50 mm tool-fitted computer numerical control (CNC) machine. During the procedure,
bolts were employed to limit the specimen’s movement. The bolted joints fastened rubber
cushions to eliminate harmonic spikes in the strain data. A Vernier digital calliper was
employed between each framing interaction for accurate cutting measures to measure the
specimen height.

The fatigue life of the specimens was determined by performing high cycle fatigue life testing
on the Instron machine (Figure 4). The amplitude of the testing was 12 mm with a 5 Hz
frequency same for all the specimens. The specimens were tested till they got to the complete

failure point.
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Figure 4. Experimental test setup.

3. Results and discussion

3.1. Residual stress

Figure 5 shows the peak stress values, and the depth of the milling from the starting point of
weld to it reaches 5 mm in the base plate. Figure 5 shows milling depth on X-axis. Milling of
the single weld pass sample started with a milling depth of 0.5 mm/mill. This specimen was 32
mm in height. First, the 12 mm weld above the base plate was milled, then milled 5 mm below
the base plate top surface. A total of 34 milling operations were done on the T-specimen. The
maximum stress in this sample was observed at 3 mm below the top surface of the base plate,

and the value of the obtained stress is 79202.70 Pa.
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Figure 5. Single-pass peak stress vs. milling depth.

After milling 10.5 mm of the sample from the top, the height was checked using a digital vernier
calliper. The expected height was 21.5 mm, but it was measured at 21.44 mm. This difference
in the height of 0.06 mm can be due to compression in the base plate of the sample. The same
phenomenon was observed again when the sample’s height was measured after milling 15 mm,
and this time, the expected height was 17 mm, but with a difference of 0.12 mm, it was measured
16.88 mm. A crack line was observed at a depth of 9 mm from the top surface on both sides of
the t-shape specimen, as shown in Figure 6. It means that the welding did not penetrate the
metal plate properly in this specimen. This fusion reduces the compressive residual stress in

this sample as the weld is not strong at the bottom of the sample.

Figure 6. Crack observed in single weld specimen.

Figure 7 exhibits the depth of the milling along the x-axis and the value of peak stress along

the y-axis. This specimen was 32 mm in height from the bottom of the base plate to the top
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surface. It took 34 times a mill of 0.5 mm to complete the milling of 17 mm of the specimen
from the top. As shown in the below graph, the maximum stress value is 16 mm from the top

of the base plate, and the stress value is 85986.56 Pa.
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Figure 7. Double pass peak stress vs. milling depth.

The height difference was also observed in this sample at 10.5 mm and 15 mm, and it was 0.05
and 0.1 mm, respectively. After milling 11 mm, a fine weld crack was observed; the crack was
not apparent as the single-pass weld sample had but could explain that weld did penetrate
through the surface of the sample at this point. Figure 8 shows the peak stress values of a triple
weld pass specimen milled 34 times at 0.5 mm mill per reading. In this specimen, the height of
the whole specimen was 32 mm (i.e.,12 mm weld and 20 mm base plate). The maximum stress
value obtained for this sample is 77491.670 Pa at a depth of 15 mm. A height difference was
also seen when measured after 10.5 mm and 15 mm milling, and the difference was 0.03 mm

and 0.13 mm, respectively.
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Figure 8. Triple pass peak stress vs. milling depth.

Milling at a depth of 10 mm depth, small pits were observed. Further, no such defects were
observed on the sample surface. These pits can result from unremoved residual flux during
overlapping the weld. No fusion crack line was seen in this sample, which implies that the
welding was correctly done, resulting in high compressive residual stress in the weld. Figure 9

shows cavity observed in triple weld specimen.

5.0mm

Figure 9. Cavity observed in triple weld specimen.

Residual stress is calculated and plotted using the residual stress formula and the observed
strain values of the specimens. Only the first 1 mm affects the sample’s fatigue life; therefore,
the residual stress value of the first 1 mm mill is considered. As shown in Figure 10, the
compressive residual stress values of single weld pass, double weld pass, and triple weld pass

in the first 1 mm of milling are 8268.1 Pa, 10328.782 Pa, and 24625.731 Pa, respectively.
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Figure 10. Residual stress vs. milling depth.

In the welding process, the welded area of the specimen undergoes tension. During milling of
the specimens, layer the weld in milled and remove, which causes the specimen to go under
compression and achieve stability. This phenomenon explains a height difference in all the
three samples when measured after milling 10.5 mm and 15 mm from the top. This mechanism
is recorded using datalogger CR1000x and strain gauges. The strain gauges are placed below
the base plate parallel to the weld joints, as shown in Figure 1. An accurate change in strain is
calculated. The compressive residual stress values of single weld pass, double weld pass, and
triple weld pass in the first 1 mm of milling are 8268.1 Pa, 10328.782 Pa, and 24625.731 Pa,
respectively. It was also observed that due to the unpolished weld surface in the multi-pass
weld, there is leftover residual material generated on the surface, which affected the strength
of the weld in double and triple pass weld. A multi-pass weld needs to polish the first below
layer before putting the weld above it to avoid discontinuity and defects in the weld. When
comparing the residual stress values obtained, it can be seen that the compressive residual stress
increases when increasing the weld pass. The highest compressive residual stress is for the
triple-pass weld sample, next is for the double pass weld sample, and then the single-pass,
which has the lowest residual stress. Hence, it can be concluded that multi-pass weld with

changing directions has affected the residual stress in the specimen.

3.2. Fatigue crack growth test

An Instron machine was used to test the fatigue crack growth of the specimens. Method setup
on the Instron machine was based on amplitude testing. The test performed 12 mm amplitude

(means the specimen is stretched 6 mm in a positive direction and 6 mm in a negative direction
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from the start point.). The frequency for all the testing is 5 Hz (cycles/sec). In experimental
test, the specimen undergoes harmonic motion. Thus, the data appears in the form of a sine

graph.

-

Figure 11. Positioning of sample in Instron machine.

Sample 1 went through 2000 cycles with 8 mm amplitude at 5 Hz, then 2000 cycles at 12 mm.
Although the amplitudes were different, the specimen load was constant. All the specimens
were tested at the same amplitude and frequency. From Figure 12, it can be seen that the
average no of cycles a single weld pass specimen can withstand is between 5200-5600 cycles
at 12 amplitude of movement and 5 Hz of frequency. Bisalloy 80 steel was utilised for the
unusually high application of MIG to ensure that fatigue failure happens at the welding. Sample
1 completed 12700 cycles which were higher than the other two samples. The number of cycles
done by sample 2 was 12000, closer to what sample 1 achieved. Sample 3 was observed and
got a crack at 6500 cycles; this can be due to many different factors. One of the reasons, as
discussed in the residual testing of double pass samples there were some unwanted materials
left on the surface, which led to weakening the weld strength can be a cause. If an average
value is taken, it can be seen that the double pass specimen has a fatigue life ranging between
11000 — 12000 cycles. Figure 13 shows crack in single weld, double weld, and triple weld
sample 2. All the samples of this specimen showed a similar property and withstood a minimum

of 23400 cycles. As shown in Figure 13-c, sample 2 experienced two cracks.
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The above discussion concluded that the fatigue life of the specimens increases significantly
with single, double, and triple weld pass. The double weld’s fatigue life cycle is approximately
twice that of the fatigue of a single weld pass. As discussed in the method section, the welding
experienced constant heat at a very high temperature. The contact area of the welded joint of
the first weld pass covers more surface area than double or triple pass. This means that the
welded layers exhibit a stronger bond at the joints due to consecutive continuous heating in the
specimen, leading to higher fatigue life. Due to this phenomenon, the weld layers in sequence

exhibit their adhesive strength with the metal surface.

4. Conclusions

Welding of structures causes prominent weak points in the structure. These weaknesses need
to be factored in when calculating the strength capabilities. Reducing the stress concentration
and weak points are key to designing a long lasting, high strength structure. This paper is
presented the residual stresses and fatigue life prediction of multi-pass welded samples across
different weld directions. In experimental test results, an increase in compressive residual stress
was observed with an increase in weld pass. Moreover, the fatigue life of the sample gradually
improves with an increasing number of welding passes. It is concluded that the triple-pass
welded joint obtained enhanced fatigue strength with optimum compressive residual stress.
This could be due to reheating at a high temperature during the multi-pass welding. The time
taken to perform the second weld in the opposite direction of the first weld pass contributed to
a slight rise in temperature. However, while performing the third weld pass (in the same
direction as the first weld pass), the first welded region/layer becomes cool, resulting in higher
compressive residual stress. This change in temperature and direction of the weld contributes
to a more significant compressive residual stress and improved fatigue strength at the triple-
pass welded joint. Therefore, multi-pass welding in different directions influences the change
of residual stress and fatigue life. Future studies may include more experimental test of the
residual and fatigue crack growth test with finite element method to guarantee the validity of
the results and real-time implementation to promise structural integrity in various industrial

applications.
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e This paper aims to evaluate the residual stress and fatigue life of T-type welded joints

e The fatigue tests were conducted under uniaxial loading

e The compressive residual stress increases with an increase in weld pass

e The triple-pass welded joint obtained enhanced fatigue strength with optimum
compressive residual stress

e Multi-pass welding in different directions influences the change of residual stress and

fatigue life
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