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Abstract

Welding processes often produce high levels of tensile residual stress. Low transformation temperature 

(LTT) welding wires utilise phase transformation strains to overcome the thermal contraction of a 

cooling weld. In this paper, the residual stress within each weld was quantified using the milling/strain 

gauge method, being the strain change measured as the weldment was milled away. The fatigue tests 

were conducted under uniaxial loading considering two types of LTT materials. The results show that 

the crack propagation of all samples was similar in cycles although both LTT materials extended the 

crack initiation, and, therefore, the overall life of the part. It was found that both LTT materials reduced 

the residual tensile stresses, increased the residual compressive stresses, leading to increase in fatigue 

life about 30%.

Keywords: Residual stress; Fatigue life; Heat affected zone; Low transformation temperature; 

Scanning electron microscope.

1. Introduction

Residual stress is a major factor in the lifespan of a welded structure [1-7]. In essence, residual stress is 

known as an internal force without the addition of any external forces [8, 9]. All weld fillers are prone 

to residual stress due to the phase changes during the cooling process. Traditional weld techniques and 

weld fillers are susceptible to high concentrations of residual stress because of the phase change from 

austenite to martensite, i.e. the transformation from a liquid to a solid [10-12]. Measuring the residual 
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stress through a weld is crucial to understanding the extent of the residual forces. There are many ways 

to measure the residual stress through a structure, the procedure falls under one of three categories: 

destructive, semi-destructive or non-destructive [13-15]. Non-destructive techniques use X-ray, neutron 

diffraction, ultrasonic and magnetic methods. Destructive techniques allow for the calculation of initial 

residual stress through removing material from the specimen while measuring the strain along the 

opposing edge. The residual stress in the weld applies a force to the plate, as the material is removed 

the strain will increase, from this, the initial residual stress can be calculated [16-18]. 

Fatigue is among the most common reasons for structural failure; fatigue failure involves 3 stages, crack 

initiation, crack propagation, and total failure. After a series of cyclic loading, a crack initiates, which 

then propagates through continual use, leadings to a catastrophic failure [19, 20]. Asgarian et al. [21] 

evaluated the fatigue life of steel connections in a jacket platform using S-N curves proposed in API 

RP2A. The results show that the formulas in the new edition of standards consider more fatigue strength 

than previous ones. Zhang et al. [22] investigated the effects of fire-induced high temperatures on the 

residual punching shear strength of reinforced concrete flat-plate structures after cooling and to examine 

the effectiveness of a detailing approach for enhancing the post-punching load-carrying capacity. A 

structures life depends on the quality of each component along with the process of production and 

maintenance throughout its life. During manufacturing, treatments can be performed to increase the 

fatigue life, such as shot peening or stress relief, as this reduces the residual stress in the weld. Stress 

rising factors can decrease the life of a component by increasing the stresses through a critical point, 

this is often the toe of a weld [23]. By reducing the transformation temperature from austenite to 

martensite, the weld filler can retain its austenite properties. Standard weld fillers have an Ms 

temperature of approximately , whereas the most common LTT fillers exhibit a Ms temperature 450℃

in the range from 200 0C to 400 0C [24-26]. If the Ms temperature is far above 200 0C, it is proven that 

once the transformation is complete, the weld continues to shrink, causing excessive residual tensile 

stresses. In contrast, if the filler Ms temperature is far below 200 0C, the transformation from austenite 

to martensite is then incomplete as it begins too close to ambient. With an ideal LTT material, the 

transformation begins at approximately 200 0C and the weld continues to expand until it reaches 

ambient. This introduces residual compressive stress, which improves the mechanical properties [27, 

28]. The temperature of the Ms transformation is dependent on the chemical properties of the filler. 

Austenite stabilising elements have a significant impact on the outcome of a weld. Nickel (Ni), 

chromium (Cr), and carbon (C) are all key elements in the outcome of an LTT weld filler. Nickel 

controls the transformation temperature, chromium allows for the retention of austenite properties, and 

carbon content controls the hardness of the cooled weld [29-31]. 

In the phenomenon of HCF failure, which occurs due to repetitive stress and begins with the occurrence 

of microcracks and grows under the influence of cyclic stresses, the amount of maximum stress is 

usually less than the yield strength of the material [32-34]. One of the most important challenges in 
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fatigue analysis is to determine the life of components because damage in HCF occurs at stresses less 

than yield stresses and at the microscopic scale in defects of the material and even when the damage is 

growing, there is no sign of failure [35-37]. Cracks are considered a major defect in welded structures; 

cracks develop through a structure due to stress, and can lead to catastrophic failure [38]. Cracks can 

be classified as either hot, cold, or residual cracks [39, 40]. Hot and cold cracks develop during the 

application and cooling of a weld. Fatigue cracks occur over time, their development and progression 

are dependent on the material, environment and applied loading. Conventional welding wire generally 

provides a fatigue strength below that of the base material, the high tensile residual stress within a weld 

filler greatly reduces its overall tensile strength [18]. It has been proven that the use of an LTT weld 

filler reduces the residual stress and greatly increases the life of the welded part [25]. Wheatley and 

Ohta stated that crack propagation in both LTT and regular weld fillers is very similar, although the 

crack initiation time for LTT fillers is prolonged and therefore extends the overall life of the component 

[41]. 

Hot cracking is a defect within welds that occurs during the cooling process. Cracks can develop as the 

weld filler shrinks during the cooling process. While cooling, hot cracking occurs in the solidification 

phase where the weld filler shrinks, producing microscopic gaps in the weld material, especially at the 

weld toe [42]. Karlsson et al. [43] compared a number of alloying elements and found that hot cracking 

is more prominent in LTT materials using nickel as its primary alloying element. This is caused by the 

solidification process occurring as austenite. Hot cracking has not had a large focus in previous literature 

due to its small contribution to the overall outcome of a weld, cold cracking plays a larger role in welded 

structures. Cold cracks occur in the heat-affected zone (HAZ) and through the cross-sectional area of a 

weld, although LTT materials have shown a significant decrease in cold cracking, there is still the need 

for further research into cold cracking and the prevention for certain fillers [43]. Cold cracking occurs 

when hydrogen pockets develop within a weld, this can be caused by the filler material, improper 

preparation or due to an excessive phase transformation [44]. As LTT materials reduce the internal 

residual stress, they therefore reduce the risk of cold cracking, simply by reducing the production of 

pockets in the weld. Fillers with higher C content tend to be more susceptible to cold cracking due to 

the hard, brittle structure. Studies have shown that the use of LTT can negatively affect the fracture 

toughness [24]. This is caused by the increase in carbon content within the weld, the hard/brittle 

structure that comes with a higher carbon content. LTT materials displaying a low fracture toughness 

are not common in industry as they require post weld treatments to gain a satisfactory standard [45]. To 

accommodate for this, LTT weld fillers in use have a low carbon content, typically C<0.6wt% [46]. 

LTT materials have significantly changed the process of high-quality welds. Their capabilities have 

rapidly reduced the need for post-processing operations, such as heat treating or shot peening, which is 

a very positive aspect for modern industry. In addition, the reduction in residual stress can dramatically 

increases the fatigue life of a structure. Nevertheless, due to the variety of elements within LTT fillers, 
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which can result in different properties, extensive research is required to fully understand the effect of 

each elemental composition on the mechanical response, particularly under cyclic loading. In both 

ferrous and non-ferrous metals, there is a need for an increase in hot and cold cracking prevention, 

ductility control and multi-pass applications. The depth of research into this field is very extensive 

although much more is required for definitive results. This paper aims at addressing the effect of the 

LTT filler on residual stress fields and fatigue lifetime.

2. Materials and Methods

The chemical composition and the mechanical properties of the materials used in the experimental tests 

were obtained following the methodology proposed by Wheatly [41]. The chemical composition is 

summarised in Table 1 while the mechanical properties are listed in Table 2.  The tested materials 

consisted of two mild steel LTT weld fillers and three industry fillers (1 mild steel and 2 stainless steel). 

The base material was a hardened mild steel, selected due to its consistency in terms of industry 

application and relevance for engineering. The experimental tests comprised two different analyses. 

First, destructive tests were conducted using a milling machine and strain gauges to quantify the 

changing residual stress through the milling application. Then, fatigue tests were conducted at a high 

load and a high-frequency until failure. Figure 1 shows the proposed geometry used in the tests. The 

construction is the most important part of these coupons because, the addition of heat changes both the 

molecular microstructure and the chemical composition of the steel. The specimens were manufactured 

by welding a 200 mm section, as schematised in Figure 1, and then cold and cut into 50 mm strips. This 

was done to reveal the welded section in order to analyse the HAZ region.

Table 1. Chemical composition of the materials used in the experimental tests (in wt%) [46].

Material Cr Ni C Mn Si S K Mo P Cu

LTTA (BOHLOR-Ti-60T) - 0.85 0.07 1.3 0.45 - - - - -

LTTB (LINCOLN-71E- H) - - 0.04 1.4 0.6 0.01 0.013 - - -

Industry filler (Cigweld -LW1) - - 0.08 1.16 0.7 0.01 0.015 - - -

Base Material (HARDOX 500) 1.5 1.5 0.3 1.6 0.7 0.01 0.02 0.6 - -

Sample 4 (Tetra S 307-G) 19 9 0.1 6 0.7 0.08 - - 0.02 -

Sample 5 (BOC 307Si) 17 7 0.7 6.8 0.01 0.01 0.013 0.1 0.02 0.12
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Table 2. Mechanical properties of the materials used in the experimental tests [46].

Material

LTTA 

(BOHLOR-

Ti-60T)

LTTB 

(LINCOLN-

71E- H)

Industry filler 

(Cigweld -

LW1)

Base Material 

(HARDOX 

500)

Sample 4 

(Tetra S 

307-G)

Sample 

5 (BOC 

307Si)

Yield Strength 

(MPa)
550 570 450 1400 480 450

Tensile Strength 

(MPa)
610 620 550 1580 630 650

Elongation (%) 25 25 9 7 40 40

Figure 1. Geometry of the specimens used in the experimental tests (dimensions in mm).

Hardness testing was done on each sample as an assessment of the effects of welding. The hardness of 

each weld section, the HAZ and the unaffected steel was conducted. This testing was aimed to show 

the alterations to the metal through the applied heat. Figure 2 shows the points for hardness 

measurement and scanning electron microscope examination.
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                      (a) (b)  

Figure 2. The points for: (a) hardness testing; (b) scanning electron microscope examination.

Rockwell HRB was chosen for the hardness testing, as it has a broad scale surrounding the hardness of 

Hardox 500. Points 1, 2, 3 and 10 showed the maximum difference between each zone whereas points 

4-9 were aimed to identify the hardness gradient across the HAZ. The scanning electron microscope 

was used to analyse the weld section and the parent metal. A small section of the welded area was cut 

and placed in the microscope, to show the different microstructures surrounding the weld, identifying 

changes occurred during the addition of heat and external elements. Figure 2-(b) shows the section used 

in the microscope with each critical point analysed for chemical composition. The residual stress was 

quantified using the destructive milling method. One sample of each specified weld filler was analysed. 

The T specimen was wiped clean with isopropyl alcohol to ensure a clean surface for the strain gauges. 

Two strain gauges were attached to the opposing side to the weldment as shown in Figure 3 (Bestech 

FLAB-5-11-3LJC-F strain gauges secured with Eythl 2-Cyanoacrylate). The weld and tongue were 

milled away in increments of 0.5 mm. The strain and overall thickness were recorded after each pass of 

the computer numerical control (CNC) router. Once the weldment had been entirely milled away, stress 

measurements were processed with the specified equations for the calculation of the initial residual 

stress.

Figure 3. Installation of the two strain gauges on the sample (dimensions in mm).

Fatigue testing was conducted using an Instron 8800 servohydraulic machine. A metallic frame was 

constructed allowing the test specimen to be held firmly throughout the fatigue cycling. The 
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experimental test setup shown in Figure 4. The frame is firmly mounted into the testing machine with 

the specimen bolted on top, then connected to the hydraulic ram. The fatigue tests were conducted under 

pulsating loading conditions with a cycle frequency of 5 Hz and a maximum load of 24 kN. Several 

safety elements were programmed to eliminate the likelihood of the parts projecting off, such as the 

maximum allowable force and the maximum displacement, with an automatic shutdown. Using the 

testing machine with a precise programmed loading pattern, it was eliminated any human error from 

the fatigue testing phase. Each specimen was run until complete failure, with a maximum displacement 

of 10 mm. Details about the load pattern as well as about the normal force and the bending moment 

diagrams, are exhibited in Figure 5.

Figure 4. Experimental test setup.

(a)

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


8

(b)

(c)

Figure 5. The testing apparatus: (a) load pattern; (b) normal force diagram; and (c) bending moment 

diagram.

3. Results and discussion

3.1. Computational Fatigue Analysis

The numerical model was designed in ANSYS finite-element software.  Fatigue loading was applied 

similarly to that applied in the experimental tests. The computational fatigue analysis was done as a 

comparison to the real-life testing. Figure 6 shows the generated mesh along with the maximum and 

minimum life points. Table 3 shows the computed results for different numbers of mesh elements. This 

allows the observation of the mesh convergence and the computation accuracy of the analysis. The 
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results from the FE analysis showed convergence, with a difference less than 1%, which was deemed 

acceptable.

Figure 6. Computational model for the generated mesh along with the maximum and minimum life 

points.

Table 3. Finite element results for different number of elements.

Nodes Elements Minimum Cycles Percentage Change

18836 5472 1747.4 NA

40354 19473 1153 -34.02%

74700 43397 1291.6 10.74%

156905 102210 1165 -9.81%

212966 144101 1163 -0.18%

250126 169900 1161.4 -0.14%

The results from the computational analysis did not give any major conclusions, except the fact that 

compared to the actual tests, it gave a much lower fatigue life: 1161 cycles rather than approximately 

4500 cycles for the actual tests. The finite element analysis showed that the point with the highest stress 

and shortest life was the point where the weld met the base plate (i.e. the weld toe). This was consistent 

with the physical tests, since the cracks always initiated in the samples on this point. The heat effects 

on the welds and parent metal are extremely difficult to simulate and would require large amount of 

research to compute accurately, as this is a reasonably new study and therefore has limited past 

literature. Although the weld effects are scarcely considered, the approximate fatigue life was still 

computed. The fatigue analysis performed gave a very short life when compared to the actual testing. 

This may be due to several unknown factors, such as low allowable elongation, inconsistent join factors, 

or differing weld properties, just to mention a few. Although minor factors can make phenomenal 

differences in a computational analysis, it was expected that the analysis would outline the actual results 
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due to no heat effects on the steel. It is possible, however, to include a maximum stress riser surrounding 

weld processes in the FE analysis of ANSYS and, as a result, the theoretical life of the part is reduced. 

The computational analysis was done as a reference for practical testing. The fatigue analysis showed 

that the designed specimen would only last 1161 cycles for the applied loading pattern. Although mesh 

convergence was performed to assure an accurate analysis, the study did not show significant likeness 

to the actual testing. The main conclusions from this numerical simulation were the points of failure 

and the observations of stress flow. It is recommended that future research develop more accurate 

simulations to analyse fatigue patterns, crack growth and material changes. 

3.2. Experimental test adaptations

Through pre-testing there were several difficulties and challenges to overcome. The manufacturing of 

the specimens was a major part in the accuracy and effectiveness of the testing. Initially the specimen’s 

base metal was to be 20 mm thick but due to materials availability it was constructed with 10mm. The 

length was also meant to be 400 mm, but due to size constraints on the JCU cold saw, they were trimmed 

to 280 mm. The initial test specimens had to be shortened to fit in the band saw correctly. Due to this 

the M18 holes were closer to the middle, about 4 cm from the centre. This highly restricted the flex 

applied to the weld and the applied force was acting more as a shear force, simply ripping the weld 

apart, rather than applying a fatigue cycle. The holes were then re-drilled 28 mm from either end, this 

position allowed significant flex across the coupon, with a high amount of tension applied to the weld. 

This method resulted in a clean break along the toe of the weld. This method gave reasonably consistent 

results, although the thinner base allowed the HAZ zone to play a major role in the life of the sample. 

The holes for the majority of the samples had to be cut out using the water jet cutter, this was a much 

quicker and easier method. As a result of the difficult manufacturing many of the samples ranged in 

width from 52 mm down to 48 mm. The difference between each sample gave several discrepancies for 

fatigue life, as the applied stresses were lower across a larger cross section. Due to several discrepancies 

in the results, extra samples from each wire were tested for fatigue life, and two new welding wires 

were tested allowing for a broader study, ‘Tetra S 307-G’ and ‘BOC 307Si’ are represented by samples 

4 and 5 respectively. 

3.3. Residual Stress

Figure 7 shows residual stress field against position from top of plate for mild steel fillers, LTTB and 

stainless fillers. The calculated residual stress is also presented in Table 4. Overall, both LTT weld 

fillers showed reduced residual stresses when compared to all other weld wires. The Cigweld wire began 

in compression for the initial 4 mm, it then transferred to residual tensile forces, with a maximum 

occurring at approximately 3 mm. LTTA had mainly residual compressive stress with only slight tensile 

stresses applied. LTTA experienced mostly compressive forces until the weld was almost completely 
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milled away. LTTB was similar to LTTB with he applied stresses until the weld was completely milled 

away. The BOC weld filler had the highest tensile forces. Initially it had compressive forces lasting 

until a position of 5mm where the tensile forces began increasing as the weld was milled away. The 

BOC weld filler experienced tensile forces almost 10 times more than the LTT weld fillers. The Tetra 

weld filler experienced phenomenal amounts of compressive stresses, consistent compressive stress 

until approximately 1 mm from the base. 

(a)

(b)

Figure 7. Residual stress field against position from top of plate for: (a) Mild steel fillers; and (b) 

LTTB and stainless fillers.
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Table 4. Calculated Residual Stress

Type Tensile (MPa) Compression (MPa) Total (MPa)

Cigweld -70.31 196.43 126.12

LTTA -147.42 267.96 120.54

LTTB -72.29 171.11 98.82

TETRA -1355.77 92.35 -1263.42

BOC -108.55 1096.38 987.82

There are many factors that may affect the accuracy of the results in this testing method. The first 2 

milling passes on LTTA were done with the strain gauge wires crossed, this was identified by the 

varying readings in the graphs. After the wires were straightened the gauges were not zeroed but instead 

for the calculations this was marked as the zero value for the strain readings. A significant defect was 

present in LTTA. This hot crack was the only one identified with a significant enough size to be worth 

noting. The milling machine was able to cut 0.5 mm quite accurately, although as the residual tensile 

stress was released, the samples flexed, altering the cut depth. For consistency, the thickness after each 

cut was recorded. Each thickness measurement was done with digital vernier callipers in order to reduce 

human error. The restraining method was highly likely to apply an external force to the specimens as 

the bolts were extremely tight. This restraining method was a contributing factor to the readings 

experienced in the milling of the base plate.

Both LTT materials displayed the exact phenomena expected. They showed increased compressive 

forces rather than tensile. LTTA had a residual stress measurement of 120 MPa while LTTB had 98 

MPa, when compared to the industry weld filler with 126 MPa. All three mild steel weld fillers had an 

overall compressive/tensile stress significantly less than both stainless wires. Both the LTTA and LTTB 

fillers had compressive stresses within the weld which is likely due to the austenite stabilisers. The 

different chemical compositions allowed for the retention of austenite and the reduction of tensile 

forces. LTTB experienced tensile stresses within the last 2 mm of the weldment. This was possibly 

caused by an altered chemical composition, through mixing with the parent material. The industry fillers 

exhibited initial compressive forces which were likely caused by the initial rapid cooling. The rapid 

cooling increased the martensite transformation strains which overcame the thermal contraction strains. 

Previous literature shows that the industry filler displayed a typical stress distribution, with an initial 

compressive stress and a final tensile stress. The BOC stainless wire showed a similar pattern to the 

industry standard Cigweld filler. Nevertheless, it experienced significantly more tensile stresses. The 

increased tensile stress was likely caused by the significantly reduced silicone content. The Tetra 

welding wire had excessive levels of residual compressive stress. The complete compressive stresses 

are likely due to the increased amount of chromium, nickel, and silicone, as each of these elements are 

used to retain austenite in metals. 
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Hot cracking was not noticed in most specimens, the only substantial crack was in LTTA. The defect 

in LTTA is most likely caused by the addition of nickel. This is consistent with literature as Karlsson 

et al. [43] identified a similar phenomenon relating nickel content and hot cracking.  All welding wires 

experienced small amounts of tensile and compressive forces within the initial layers of the base plate. 

The overall residual stress did not change much through the layers of the base plate. The measured 

residual stress in the base plate was likely caused by the addition of forces in the HAZ and the external 

forces applied during the installation of the specimen into the milling machine. Each specimen was 

bolted into the CNC, extremely tight to reduce vibrations which was highly likely to cause external 

forces, leading to discrepancies in the final measurements. Due to the limited space inside the milling 

machine, special care was taken during the measurement of the depth after each cut. At least, two 

measurements at different locations were done.

3.4. Fatigue Life

Initially each test was run for 2000 cycles with a video camera, recording the phases of failure. The first 

2 rounds of testing were performed on the testing machine. Then, the recorded data was analysed for 

crack initiation which showed that the testing machine was only retaining the final 10 cycles, meaning 

the data could not be analysed for the exact crack initiation. The crack initiation was only approximately 

known through observations. After the first 2 rounds of testing failing to supply accurate crack initiation, 

it was decided that another 2 rounds would be performed for a more accurate average. A Small video 

camera was installed to observe the stages of failure. The testing machine was then set to record 1000 

cycles and the number of cycles in each test was reduced to 500. This allowed a periodic analysis of the 

welded structure, enabling a more accurate observation of the developed defects. The recorded data was 

graphed in excel and the exact crack cycle was determined by an irregular increase in flex, as shown in 

Figure 8. The crack initiation point was found by observing a sudden change in position (flex) gradient. 

The specimen in the testing machine suffered a linear increase in flex until the part cracked and, then, 

the flex gradient suddenly increased. The point was observed closly with a graph displaying 

approximately 10 seconds either side to distinctly show the cycle number. The results from the fatigue 

testing can be seen in Table 5, which shows the averaged cycles from each material.
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Figure 8. Position against time.

Table 5. Fatigue life results for different materials.

Type Crack Initiation Structural Failure

Industry Standard (Cigweld LW1) 2841.5 2972

LTTA (Bohler T160T) 4015 4429

LTTB (Lincoln 71E-H) 2719 3777

Stainless A (TETRA 3 307-G) 3782 4833

Stainless B (BOC 307Si) 2687.5 4890.5

The fatigue life testing showed promising results for the LTT materials. Both LTT wires outperformed 

the industry standard by approximately 30% fatigue life. The crack initiation for the industry standard 

wire was approximately 95% of its life, whereas the LTTA and LTTB crack initiation lives were 90% 

and 81% respectively. The two stainless weld fillers gave very good fatigue life results, approximately 

40% longer than the industry wire, and 20% better than both LTT wires. This was expected because 

high levels of chromium drastically increase fatigue properties, as chromium is a widely used additive 

in LTT fillers. The fatigue life results showed that both LTT fillers had an increased fatigue life. The 

Lincoln welding wire had a fatigue life 21% longer then the Cigweld, whereas the Bohler had an 

increase of 32% fatigue life. The increase in fatigue life was expected due to the proposed properties of 

each welding wire. There are a number of possible reasons for the increased fatigue life across the 

specimens. The fatigue life increase is largely due to the decrease in residual stress, and LTTB was 

found to have the lowest residual stress when compared to the LTTA and the industry weld filler. It is 

possible that the increase in fatigue life is partially due to the higher tensile strength, although this is 

unlikely as the tensile strength is only 10% higher in the LTT fillers. The increase in fatigue life from 

the mild steel weld fillers to the stainless-steel was quite significant. This is possibly due to the high 
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chromium and nickel contents, which increased the mechanical properties. Both weld fillers had a 

significantly increased elongation percentage, which likely allowed a more even distribution of stress 

through the weld. 

Nevertheless, the increased fatigue life is clearly not a result of reduced residual stress as both BOC and 

TETRA had significant amounts of compressive and tensile stresses. There is limited literature 

surrounding the implication of mild steel LTT weld fillers. This is likely due to the prominence of 

chromium in industry today. Focussing on the mild steel wires, the chemical compositions only varied 

slightly. Overall both LTT materials had a smaller carbon content. The lower carbon is likely to allow 

a more ductile microstructure. LTTA outperformed LTTB, it also had the addition of nickel, nickel is a 

key element for reducing a materials transformation temperature. The manganese in both LTT materials 

is significantly more than in the industry filler, as manganese aids in grain refinement which can 

increase the mechanical properties [47]. 

3.5. Weld Analysis

A weld section analysis was conducted to determine any changes through the welding procedure. A 

series of hardness tests, along with a SEM analysis was done for additional information leading to an 

in-depth explanation of the effects to the parent material after welding. One sample from each material 

was chosen for hardness testing, Rockwell HRB method was used as the designated testing method. 

The hardness testing results are presented in Table 6.

Table 6. Hardness testing results.

No. Industry Filler LTTB LTTA

1 82.2 89.7 90.3

2 101.7 89.4 88.4

3 100.25 110.9 106

4 102.2 97.5 89.4

5 101.4 96 92.2

6 106.2 105.4 105

7 116.7 102.8 108.4

8 112.2 85.4 97.8

9 101.3 97.67 96.8

10 115.6 111.5 114.8

The hardness testing showed positive results, in all 3 weld sections the hardness was lower than the 

parent metal. Point 2 showed that the standard weld filler left the parent metal harder than both LTT 

fillers. Point 3 showed that the standard filler left a slightly softer structure than either of the LTT fillers. 
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Points 4-6 showed an interesting pattern, all materials had a softer matrix for points 4 and 5. Point 6 

was significantly harder, more so for the LTT fillers than the industry filler. The LTT fillers did not 

change much between points 4 and 5 but got significantly harder from 5 to 6. When analysing the points 

from left to right (i.e. 10, 7, 8, 5, 9 and 3, respectively), both LTT materials display a similar pattern, 

where the hardness reduces reaching its minimum at 8 and 5, then increases at points 9 and 3, as shown 

in Figure 9. In general, points 4, 5, 8 and 9 were softer than the surrounding metal, this is to be expected 

as these points are the most likely to correlate to the HAZ. Table 7 displays the data as a difference in 

wt% compared to the base material. This allows for a definitive difference for each point. 

Figure 9. Hardness profile for different materials.

Table 7. Chemical composition for different points.

Point A Point B Point C Point D
Elem

ent
CIGW

ELD

LT

TA

LT

TB

CIGW

ELD

LT

TA

LT

TB

CIGW

ELD

LT

TA

LT

TB

CIGW

ELD

LT

TA

LT

TB

Mg -0.05 0.01 -0.06 -0.08 0.08 -0.10 -0.03 0.06 0.21 0.09 0.17 0.17

Al -0.11 0.05 -0.05 0.32 0.08 0.19 -0.15 0.12 -0.05 0.11 0.15 0.19

Si 0.09 -0.14 8.10 -0.24 0.06 1.61 -0.40 -0.25 -0.29 0.34 -0.09 -0.34

Cl 0.07 -0.03 -0.03 -0.04 0.01 0.00 0.08 -0.03 -0.03 0.05 0.04 0.02

K 0.03 -0.04 -0.03 0.01 0.01 0.00 0.00 0.03 -0.03 -0.02 -0.03 -0.02

Mn 0.48 0.46 0.33 0.03 0.65 0.40 -0.07 -0.08 -0.07 0.40 -0.04 -0.07

Fe -0.45 -0.47 -8.30 -0.09 -0.69 -2.27 0.76 0.12 0.75 -0.71 -0.20 0.03

The results from the scanning electron microscope (SEM) examination did not show any major 

differences between the unaffected metal, the weld section and the heat affected zone. This is surprising, 

as trace amounts of different elements can have a significant difference on the mechanical properties of 

a material. The study is lacking three major elements: carbon, molybdenum, and chromium, each of 

which has a major impact on the properties of steel. Although the SEM results did not include the three 

elements mentioned above, the results are still consistent for other important elements such as, 
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manganese, silicone, and aluminium. Point A was positioned on the weld, this was important to analyse 

the difference between the untouched base metal and the pure weld. Looking at the trends for point A, 

it shows that the manganese percentage was higher in all welds. Figure 10 shows the definitive increase 

in manganese percentage. This figure displays the manganese measurements as a scanned image, where 

the weld is shown by the lighter orange containing points A and B, whereas the parent metal is shown 

by the darker orange containing points D and C. 

(a)

(b)

Figure 10. The definitive increase in manganese percentage: (a) manganese scan sample LTTB; and 

(b) scanning electron microscopy image.

Point B showed a number of trends for all three weld materials. The manganese was consistently higher 

than in the base metal, although both LTTA and LTTB were significantly higher. The silicone content 

at point B shows that LTTB has a significantly higher percentage (approximately 1.5%). This is 

consistent with the conclusions from point A. Point B shows an increased aluminium content in all three 

samples. Point C showed a decreased manganese and silicone content compared to the points closer to 

the weld section. The magnesium content was slightly higher for both LTT materials, but was less for 

the industry weld filler. In Point C, the magnesium and aluminium contents were higher for all three 
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cases. The silicone content was lower in both LTT materials but was higher in the industry weld filler. 

There was almost zero difference in magnesium content for both LTT materials, whereas the 

CIGWELD material had a significantly higher amount. The difference of silicone content between 

points D and C for CIGWELD is quite substantial, Point C has almost no difference to the base metal, 

whereas Point D has 0.4% difference. Table 8 shows the analysis of the crack composition when 

compared to the base material and point D of LTTB. This was done to gain an idea of the composition 

in the exact crack location rather than the approximate location of point D. This analysis was not done 

for all welds, as this crack face was unique to this test. The silicone content was significantly lower on 

the crack face when compared to the base material. It is likely that some of the points were not placed 

correctly, small adjustments to the positions may change the results significantly, the difference of 0.5 

mm could be extreme. The three missing elements may have played a big role in percentages and the 

differences across the samples. Also, for consistency to the theoretical compositions, these three 

elements should be included in the SEM analysis.

Table 8. Crack chemical composition (LTTB).

LTTB crack face

Compared to base Compared to point DElement

Base (wt%) ΔA ΔB D (wt%) ΔA ΔB

Mg 0.07 -0.01 0.20 0.28 -0.22 -0.01

Al 0.19 0.37 0.30 0.32 0.23 0.17

Si 6.99 -6.69 -6.29 1.03 -0.73 -0.34

Cl 0.04 0.04 -0.03 0.08 0.00 -0.07

K 0.02 0.09 -0.07 0.01 0.10 -0.06

Mn 0.79 0.05 0.02 0.82 0.02 -0.01

Fe 92.02 6.04 5.65 97.64 0.42 0.03

The hardness testing and SEM analysis showed some interesting patterns. The industry filler had the 

lowest hardness on the weld section, with both LTTA and LTTB having a similar value. Points 7, 8, 5 

and 9 allow to analyse the magnitude of the hardness across the x-axis. Figure 9 shows the change in 

hardness as the points pass the HAZ. It is possible to conclude from these points that the hardness begins 

to decrease at point 8, reaching a minimum directly below the weld toe. Both LTT fillers reached a 

harder microstructure at point 3, in contrary to the industry filler, which has its lowest hardness at point 

3. In general, points 4, 5, 8 and 9 were softer than the surrounding metal. Indeed, this is to be expected 

as these points are the most likely to correlate to the HAZ. Moreover, it is expected that points 4, 5 and 
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9 would undergo the largest change as these points are the closest to the weld material. Therefore 

experiencing the largest addition of heat and migration of elements. 

The scanning electron microscope was used to better understand the chemical composition surrounding 

the weld toe, to aid in explaining the changes occurred throughout the weld process. The scanning 

electron microscope (SEM) examination showed a number of possible anomalies. Looking at the trends 

for point A, it can be seen that the manganese percentage was higher in all welds, which is expected 

because small amounts of manganese reduce sulphur brittleness, and is a hardening agent up to 1%, a 

desirable characteristic in welding applications. The Cigweld and LTTB welds showed a higher silicone 

content than the base metal while the LTTA had a lower silicone content. This is not surprising as the 

silicone weight percentage is lower in LTTA. The higher Silicone content is expected as it is an 

important element for altering weld fluidity and shrinkage, and it can increase the overall tensile 

strength. The higher manganese content is expected at point B as the weld material retains a higher 

manganese content for increased microstructure refinement [48]. LTTA and LTTB retained higher 

concentrations of silicone which is ideal for increased fluidity and decreased porosity [30]. The 

increased aluminium content is higher for all 3 materials. This is expected as aluminium can restrict 

grain growth which is advantageous in small quantities (less than 2%). Point C is the outermost chosen 

point, showing the chemical composition on the outer edge of the heat affected zone. The manganese 

content was lower for all cases but only by approximately 0.07%. This might mean that the manganese 

is slightly drawn into the weld during the cooling process. The silicone content was significantly lower 

in all cases, this shows that the HAZ lacks in silicone. In fact, this makes sense as silicon has a lower 

melting point and can easily migrate into weld during the cooling. Point D was the approximate location 

of the HAZ boundary. These results were expected to be the least consistent as it marks the border 

between two structures. This was not the case since point D showed 4 consistent trends. 

The lower silicone content in both LTT materials is likely due to silicone has lower melting point, 

allowing it to move into the liquidised area during cooling. It is possible that due to the CIGWELD wire 

hardening at a higher temperature, it trapped a higher content of silicone in place. The silicone content 

difference between points D and C for CIGWELD is quite substantial: Point C has almost no difference 

to the base metal, whereas Point D has 0.4% increase. The significant silicone difference from point C 

to D means that there is a defined line where the silicone became more prominently, creating a defined 

transition zone, i.e. the HAZ boundary. When comparing the chemical compositions to the analysed 

crack face, it shows that silicone was significantly lower on the face at almost 0%, when compared to 

the base metal, at 6.9%. When comparing the crack composition to Point D of LTTB it shows that there 

is not any significant difference apart from the silicone content. This proves that point D was not directly 

on the crack location although it was extremely close. The 3 missing elements (C, Cr and Mo) may have 

played a major role in the percentages and the differences across the samples, also, for consistency 

compared to the theoretical compositions, these 3 elements should be included in this analysis. Although 
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LTTA has 0.85wt% nickel, in the SEM analysis it only showed small traces of nickel (Ni<0.005wt%). 

This means that the nickel disappeared during the welding process. The analysis of the Haz was 

conducted as secondary test, only performed to help explain the complicated phenomena. This analysis 

only gives a general idea of the effects around the weld and is partially reliant on the preparation of the 

samples. The samples were left rough which can greatly affect both the hardness testing and the SEM 

analysis. The SEM relies on properly prepared, clean and dry samples to relay the correct data, trace 

amounts of dirt or water can throw the weight percentage out. The chlorine content in many of the 

samples was reasonably high, this is likely due to the smoothing phase requiring the addition of tap 

water containing chlorine. 

4. Conclusions

In this paper, both LTT materials were successful at improving the fatigue life. The lower martensite 

temperature decreased the residual stresses within the weld and therefore increased the life of the 

specimens. Bohler T160T slightly outperformed Lincoln 71E-H, with a longer fatigue life and lower 

residual stresses. The Bohler weld filler had the addition of 0.85wt% nickel with a carbon increase of 

0.03wt% compared to the Lincoln 71E-H. The improved performance can be a result of the added nickel 

and increased carbon. The fatigue life testing showed that although the Lincoln weld filler had an overall 

lower life, its crack propagation outlasted the Bohler weld filler. This suggests that, although the Bohler 

filler has improved fatigue life it may have a more brittle structure leading to a shorter crack 

propagation. The weld analysis was a very successful investigation as the patterns found support in the 

previous literature and are reflected in the practical results. The hardness testing showed that the 

material surrounding the weld was significantly softer than the unaffected plate. The SEM analysis 

identified several chemical differences between the weld section, the HAZ, and the unaffected material. 

The migration of silicone and manganese was a major contributor to the residual stress and resulting 

fatigue life. Although the SEM analysis for chemical composition was helpful, an analysis on the 

microstructure may show even more interesting patterns. The computational results did not correlate 

with the overall life of the parts. This was explained by the excessive amount of unknowns when 

attempting to simulate the material alteration. The simulation did however relate to the point of failure, 

i.e. the toe of the weld is clearly the weak point, as this was identified in the simulation and every 

practical test alike. 
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Highlights

 This paper aims at addressing the effect of the LTT filler on residual stress fields and 

fatigue lifetime

 The residual stress within each weld was quantified using the milling/strain gauge 

method

 The fatigue tests were conducted under uniaxial loading

 The results show that the crack propagation of all samples was similar in cycles 

although both LTT materials 

 It was found that both LTT materials reduced the residual tensile stresses
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