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Abstract

Fatigue cracks often initiate at welds as a consequence of large residual stresses and changes in
geometry acting as stress concentrators. A concept showing promise in improving the fatigue life of
welded components is the use of so called Low Transformation Temperature (LTT) welding
consumables. These reduce the accumulation of residual stresses in welded joints by exploiting
transformation plasticity to compensate for thermal contraction. This in turn enhances fatigue life.
Three LTT alloys, based on different combinations of mainly Ni and Cr to produce low martensite-
start (Ms) temperatures, have been studied. Fatigue testing showed similar results with a significant
increase in fatigue strength for fillet and butt weld configurations for all three compositions. There
was a pronounced interdependence between a lower transformation temperature, lower residual
stresses and improved fatigue strength. The LTT effect was clearly related to the weld metal
transformation temperature rather than the alloying concept per se. Dilution was an important
factor in single-pass applications with Ms temperatures increasing by up to 70ºC compared to the
corresponding all-weld metals.

A 13Cr 6Ni alloy was identified as the most promising LTT-alloy considering not only fatigue
performance but also aspects such as safety against hot and cold cracking, strength, toughness
and ductility. This alloy is crack safe thanks to its ferritic solidification and as a bonus offers some
corrosion resistance. Further optimisation is needed, though, to compensate for dilution effects in
single-pass applications.
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1. Introduction

The fatigue strength of unwelded components increases with that of the material but is more or
less independent of strength for a welded component [1]. In the absence of weld imperfections,
there are two main reasons for the deleterious effect of welds on fatigue resistance. Firstly, a weld
inevitably introduces a change in geometry and consequently a stress concentration, typically at
the root or the weld toe. The weld profile can be improved by re-melting or grinding to reduce the
stress concentration factor [1]. However, in many cases it is not possible to completely eliminate
the geometrical effect of a weld. Secondly, welding introduces tensile residual stresses as the
liquid metal filling a joint solidifies and contracts. These stresses are significant and often of the
order of the yield strength. Often the presence of residual stresses is handled by reducing design
stresses. Another approach is to conduct a post weld heat treatment to reduce the stress level or
to introduce surface compressive stresses by locally deforming the surface by e.g. shot- or
hammer-peening [1]. Stresses can also be redistributed by plastic deformation, i.e. overloading, of
a construction. All these techniques are efficient in increasing fatigue life but require additional
work after welding.

A concept showing promise in improving fatigue life of welded components, that has attracted
interest during recent years, is the use of so called Low Transformation Temperature (LTT) welding
consumables [2-16]. These modify the residual stresses at welds and can even replace the large
tensile stresses normally found with compressive stresses. Typical high strength steel welding
consumable compositions have transformation temperatures around 400-600ºC whereas LTT-
consumables are formulated to produce mainly martensite with an Ms temperature in the range of
about 150-250ºC. The mechanism relies on the solid state transformation of the weld metal at a
sufficiently low temperature combining three effects to cancel or reduce any strain due to thermal
contraction [17]:
1) since the thermal expansion coefficient of austenite is greater than that of ferrite the volume
expansion due to transformation is larger at lower temperatures, allowing a greater compensation
of the accumulated thermal contraction strain.
2) If transformation is completed much before ambient temperature is reached, then it is the ferrite
that contracts on cooling. Ferrite has higher yield strength than austenite (at low temperature) and
hence there is a lesser compensation of contraction strain by plastic relaxation.
3) When transformation occurs at low temperatures there is a greater accumulation of stress
before the low transformation temperature is reached. This leads to a greater bias in the
microstructure in constrained specimens, making the shear strain more effective in counteracting
thermal contraction.

Several LTT alloying concepts using various combinations of mainly Ni, Cr and Mn producing a low
Ms temperature have been suggested and tried the last decade [2-16, 18]. Fatigue testing has
mostly shown promising results with increase in fatigue life of often 25 times or more and
increased fatigue strengths of 50 % or more. However, an often overlooked aspect in design of
LTT consumables is how to combine the desired low transformation temperature with appropriate
weld metal strength, toughness and safety against hot and cold cracking.

The present paper will give examples for three significantly different LTT alloying compositions
presenting results from earlier and ongoing studies. Fatigue properties are correlated to residual
stress levels at critical locations as well as calculated Ms temperatures. Finally the advantages and
disadvantages of various alloying concepts are discussed both in terms of effects on fatigue
properties and in terms of weld metal properties and weldability.



2. Experimental

Fatigue specimens were produced from 800 MPa yield high strength steel. Three types of LTT-
consumables, two types of high strength reference consumables and two specimen geometries
were welded and tested in 10 different combinations.

2.1 Base material and welding consumables

Material from two batches of 8 mm thick plate material of a 800 MPa yield high strength steel
(Weldox 700) was used for fatigue test specimens. Compositions and mechanical properties of the
steels are given in Tables 1 and 2, respectively. Plates were used in the as received shot blast
condition.

Table 1 Chemical composition of steels (wt%).

ElementSteel C Si Mn P S Cr Ni Mo V Ti Cu Al Nb B N
Weldox 700
MCW welds .13 .30 1.18 .011 .003 .27 .04 .13 .007 .013 .01 .041 .022 .001 .004

Weldox 700
MMA weld .14 .29 .99 .009 .001 .37 .04 .015 .049 .016 .006 .006 .021 .001 .004

Table 2 Steel mechanical properties.

Steel Rp0,2 [MPa] Rm [MPa] A5 [%]

Weldox 700/ MCW welds 817 852 15.5
Weldox 700/ MMA weld 805 835 15

Three experimental metal-cored wires (MCW) with different alloying concepts but all designed to
have a low Ms temperature and hence provide an LTT-effect were used. Consumable LTT-C was
originally designed for welding of stainless steels, hence the higher Cr-content [18]. One
conventional high strength metal-cored wire and one high strength manual metal arc (MMA)
covered electrode type were included in the test as reference consumables. Typical all-weld metal
compositions and properties can be found in Tables 3 and 4.

Table 3 All-weld metal composition of consumables (wt%).

Welding consumable Element
Name Designation C Si Mn P S Cr Ni Mo O N

LTT-A 0.022 0.28 1.26 0.004 0.007 8.5 8.9 0.03 0.025 0.004
LTT-B 0.048 0.60 0.53 0.005 0.005 1.0 12.5 0.39 0.029 0.008

Experimental
metal-cored

wires LTT-C 0.014 0.70 1.27 0.009 0.005 13.4 6.1 0.07 0.016 0.024
OK Tubrod14.03* MAG 0.070 0.6 1.7 n.a. n.a. 0 2.3 0.6 n.a. n.a.

OK 75.78 MMA 0.047 0.31 2.03 0.006 0.006 0.43 3.0 0.60 0.029 0.014
*nominal composition



Table 4 Typical all-weld metal mechanical properties.

Welding consumable

Name Designation
Rp0,2 [MPa] Rm [MPa] A5 [%]

Impact
toughness at

-40ºC [J]
LTT-A 498 1144 8 25

LTT-B 888 997 11 35
Experimental
metal-cored

wires LTT-C 736 1127 13 49

OK Tubrod14.03* MAG 760 840 23 70

OK 75.78 MMA 967 999 18 72
*typical values

2.2 Welding of fatigue test specimens

Altogether 7 sets of cruciform and 3 sets of butt test welds consisting of 11-12 specimens each
were produced.  Weld designations and welding details are presented in Table 5.

Dimension and the configuration of cruciform test welds is shown in Figure 1. Welding was done
horizontally in position PB aiming for a final throat thickness of approximately 4 mm. Metal-cored
wires were welded with Ar+2%CO2 shielding gas at a gas flow of 20 l/min.

Correct positioning of flanges on the web was ensured by tack welding. Each corner was then
welded individually making sure start and stop was located as close as possible to the centre of the
flange (Figure 2). Welds were numbered consecutively with welds 1 and 2 on the first welded side
and  welds 3 and 4 on the second side opposite to welds 1 and 2, respectively. Most welds were
deposited in a single layer except for series F-C2 and F-MAG2 that were welded in two thinner
layers.

Table 5 Welding consumables and welding details.

Weld Series No. Welding
consumable

Ø
(mm)

Preheat
(°C)

Interpass
temperature

(°C)

I
(A)

U
(V)

V
(mm/s)

Heat input
(kJ/mm)

Cruciform fillet welds
F-A1 LTT-A 1.4 100 100-125 240 24.8 5.0 1.2
F-B1 LTT-B 1.4 100 100-125 270 24 6.4 1.0
F-C1 LTT-C 1 layer 1.4 100 100-125 285 23.9 6.5 1.0

F-C2 LTT-C 2 layer 1.4 100 100-125 280/
260

23.9/
24.3

10/
6.7

0.7/
0.9

F-MAG1 MAG 1 layer 1.2 100 100-125 240 23.5 5.1 1.1

F-MAG2 MAG 2 layer 1.2 100 100-125 250/
260

20.5/
23.5

8.9/
5.6

0.6/
1.1

F-MMA1 MMA 4.0 100 100-125 172 25.1 2.91 1.5
Butt welds

B-A LTT-A 1.4 100 100-125 310 24.5 5.8 1.3
B-C LTT-C 1.4 100 100-125 300 25 6.2 1.2

B-MAG MAG 1.2 100 100-125 215 19 5.0 0.8



Consumables LTT-A and LTT-B did show some tendency to hot cracking in high restraint
conditions. However, this could be kept under control by selection of welding parameters and
welding technique and no cracks were detected in any of the fatigue specimens.
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Figure 1 Cruciform type fatigue test specimen.

Figure 2 Detail of cruciform type specimen showing start/stop location (arrow) well away from
corners.

Butt weld specimens were produced by joining two 8 100 350 mm plates in a double V-joint, with
a 60º included angle and 2 mm land with one pass from each side. Welding was done horizontally
in position PA. The same shielding gas and gas flow were used as for cruciform specimens.

2.3 Fatigue testing

Fatigue testing was done by applying a constant amplitude sinusoidal tensile load in the
longitudinal direction (with applied stress normal to fillet weld at corner of flanges), with a frequency
of 29 to 40 Hz at a stress ratio R = 0.1 (ratio of minimum to maximum load). Typically



10 specimens were tested for each test series and the amplitude was varied in order to produce
S-N curves and to estimate fatigue strength at 2 million load cycles.

2.4 Residual stress measurements

Surface residual stress was measured using the X-ray sin2  method for a selection of fillet welded
cruciform type specimens [6]. An XSTRESS 3000 X-ray Stress Analyzer, with Cr-K  radiation and
varying -angles between –45º and +45º was used to estimate the longitudinal stress. The stress
was measured at the last welded corner along the centreline of the flanges at 1- 40 mm from the
weld toe.

2.5 Chemical analysis

The composition of fillet and butt welds will differ from the all-weld metal composition characteristic
of each welding consumable due to dilution with fused parent material. Samples of weld metal
were therefore analysed using a Spectro Lab S optical emission spectrometer and Leco
combustion equipment (Model EF500 for C and S and model TC – 436 DR for N and O).

3. Results

3.1 Weld metal chemical analysis

The alloying content of fillet and butt welds (Table 6) was as expected significantly lower than that
of all-weld metals (Table 3). The dilution level varied between about 25-35% for single-pass welds
and was approximately 11% for the two-pass weld F-C2.

Table 6 Compositions of tested welds (wt%).

ElementWeld
series

No.

Welding
consumable C Si Mn P S Cr Ni Mo O N

Cruciform fillet welds
F-A1 LTT-A 0.089 0.29 1.26 0.010 0.004 5.7 5.3 0.01 0.014 0.006
F-B1 LTT-B 0.070 0.51 0.72 0.011 0.005 0.69 8.2 0.38 0.016 0.003
F-C1 LTT-C 1 layer 0.066 0.66 1.29 0.010 0.004 10.0 5.0 0.05 0.015 0.007
F-C2 LTT-C 2 layer 0.037 0.68 1.29 0.010 0.005 11.9 5.6 0.03 0.018 0.008

F-MAG1 MAG 1 layer 0.096 0.62 1.88 0.008 0.011 0.04 2.2 0.54 0.030 0.004
F-MAG2 MAG 2 layer 0.099 0.65 1.90 0.007 0.013 0.06 2.0 0.64 0.030 0.004
F-MMA1 MMA 0.075 0.32 1.98 0.007 0.004 0.47 2.5 0.53 0.029 0.010

Butt welds
B-A LTT-A 0.079 1.22 0.3 0.009 0.003 6.4 5.9 0.039 0.015 0.006
B-C LTT-C 0.055 1.22 0.61 0.009 0.004 8.8 4.0 0.081 0.011 0.009

B-MAG MAG 0.12 1.79 0.54 0.009 0.008 0.088 1.7 0.50 0.029 0.004



3.2 Fatigue test results

Fracture in all cases initiated at the weld toes at corners (see Figure 3) and propagated through the
base material in the web. Fatigue life was similar for all consumables at high load levels but
significantly longer for LTT consumables at lower loads. The difference was approximately a factor
of two in terms of fatigue strength at 2 million cycles for fillet welds. The scatter was larger for butt
welds but an increase of fatigue strength of up to about 60% was recorded. Representative
examples are presented for cruciform welds in Figure 4 and for butt welds in Figure 5. As expected
for methods decreasing the residual stresses but leaving geometry unaffected there was little
difference in fatigue life for larger loads but a significant effect for lower stresses.

Figure 3 Typical appearance of fatigue fracture in cruciform type specimens. Fracture always
initiated at the weld toe and propagated through the base material in the web.
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Figure 4 Examples of fatigue test results for fillet welded cruciform type specimens. The
figure shows result for single pass welds with LTT-A (series F-A1) and standard high
strength metal-cored wires (F-MAG1).
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Figure 5 Fatigue test results for butt weld specimens produced with LTT-C (series B-C)
and standard high strength metal-cored wires (series B-MAG).

A characteristic fatigue strength at 2 million cycles was estimated from fatigue data. The number of
cycles (N) was treated as the independent parameter in the logarithmic version of the equation
(N= C/ m) commonly used to describe the relation between fatigue life and fatigue strength [1]:

logN= logC –m·log( ) (C and m are constants and  the stress range).

A line was then fitted using the least square technique and the estimated fatigue strength at
2 million cycles calculated.

Table 7 Fatigue test results

Constants in fatigue life equation
(N= C/ m)Weld Series No. Welding

consumable
C m

Estimated 
at 2 million cycles (MPa)

Cruciform fillet welds
F-A1 LTT-A 1.5·1015 4.5 148
F-B1 LTT-B 4.9·1016 4.8 150
F-C1 LTT-C 1 layer 1.1·1014 3.7 117
F-C2 LTT-C 2 layer 5.2·1015 4.4 137

F-MAG1 MAG 1 layer 6.6·1010 2.4 74
F-MAG2 MAG 2 layer 4.0·1011 2.8 78
F-MMA1 MMA 7.5·1011 2.8 101

Butt welds
B-A LTT-A 1.0·1026 8.1 263
B-C LTT-C 2.6·1019 5.3 295

B-MAG MAG 8.3·1015 4.2 187



3.3 Residual stresses

Welding introduced tensile residual stresses near the fillet welds regardless of which consumable
was used. However, stresses were significantly lower at 3, 2 and in particular 1 mm from the weld
toe when using LTT consumables (Table 8).

Table 8 Longitudinal surface residual stresses (MPa) near the last welded corner of
cruciform type specimens. Stresses were measured along the centreline of
the flange at 1- 40 mm from the weld toe.

Distance from weld toe (mm)Weld Series No. Welding
consumable 1 2 3 5 8 20 40

F-A1 LTT-A 105 139 111 -21 -188 -303 -382
F-B1 LTT-B 75 116 73 -70 -155 -370 -385
F-C1 LTT-C 1 layer 88 110 85 -17 -115 -277 -349
F-C2 LTT-C 2 layer 116 149 105 -53 -191 -352 -399

F-MAG1 MAG 1 layer 302 273 198 72 -121 -302 -367
F-MAG2 MAG 2 layer 261 228 138 -22 -160 -284 -372

Stresses were also lower at 1 mm compared to 2 mm from the weld toe for LTT welds (F-A1, F-B1,
F-C1 and F-C2) whereas the trend was the opposite for the conventional high strength filler
(F-MAG1 and F-MAG2) (Figure 6). Extrapolation of trends therefore suggests an even larger
difference in stresses at the weld toe.

4. Discussion

4.1 Transformation temperatures

Martensite and bainite transformation temperatures are important as the LTT concept relies on
modifying the residual stresses by a solid state transformation of the weld metal at a sufficiently
low temperature. Typically consumables are designed to deposit weld metals giving mainly
martensite with an Ms temperature in the range of about 150-250ºC.

Transformation temperatures of all-weld metals and fillet and butt welds on fatigue specimens were
calculated from weld metal compositions (Tables 3 and 6). Martensite transformation start
temperatures were calculated using MTDATA [19] as described in [18, 20-24]. The Ms temperature
is estimated by calculating when the free energy change for austenite to change into ferrite of the
same composition equals a critical value. For comparison also standard empirical formulas [25]
were used for bainite and martensite start temperatures.

As can be seen from Table 9 there is a reasonable agreement between martensite start
temperatures calculated with empirical formulas and the more fundamental approach based on
thermodynamics. It can also be seen that bainite rather than martensite is expected to form with
the conventional high strength consumables. The highest of Bs and Ms calculated with MTDATA
were used for further comparisons except for the butt welds were instead the highest temperature
calculated with the empirical formulas was used.



Table 9 Predicted transformation temperatures.

Name of consumable
or weld series Consumable Ms* Bs**

Ms calculated
with MTDATA

All-weld metals
LTT-A 232 - 240
LTT-B 267 - 241Experimental

metal-cored wires
LTT-C 224 - 268

OK Tubrod14.03 MAG 413 523 396
OK 75.78 MMA 394 443 381

Cruciform fillet welds
F-A1 LTT-A 300 - 288
F-B1 LTT-B 330 - 313
F-C1 LTT-C 1 layer 262 - 275
F-C2 LTT-C 2 layer 241 - 271

F-MAG1 MAG 1 layer 399 508 378
F-MAG2 MAG 2 layer 397 499 376
F-MMA1 MMA 392 461 376

Butt welds
B-A LTT-A 286 - not calculated
B-C LTT-C 301 - not calculated

B-MAG MAG 398 524 not calculated
*Ms= 539-423C-30.4Mn-17.7Ni-12.1Cr-7.5Mo [25]
**Bs= 830-270C-90Mn-37Ni-70Cr-83Mo [25]

4.2 Residual stresses, transformation temperatures and fatigue strength

Figures 6 – 8 summarise the interdependence of transformation temperature, residual stress and
fatigue strength. The LTT effect on residual stress and fatigue strength is very clear. It can be
noted that even though compressive stresses are desirable also a decrease in tensile stresses is
effective in improving fatigue strength.
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Figure 6 Correlation between transformation temperatures and fatigue strength.
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Figure 7 Fatigue strength and residual stress at 1 mm from the weld toe of fillet welds.
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Figure 8 Residual stress at 1 mm from the weld toe of fillet welds and fatigue strength.

Dilution is clearly a significant factor when using LTT consumables in single-pass applications.
Transformation temperatures of single pass welds were up to 70ºC higher compared to the
corresponding all-weld metals depending on method of calculating Ms (Table 9). Consequently the
LTT effect is expected to be smaller than for a fully optimised weld metal composition giving a
lower Ms temperature. The better fatigue performance of the two-layer weld F-C2 compared to the
single-pass weld F-C1 is in line with expectation as dilution becomes smaller and hence Ms lower.



4.3 Selection of LTT alloying concept

A number of LTT alloying concepts producing a low Ms temperature and promising fatigue
properties have been suggested and tried [2-16, 18]. However, in designing an optimised LTT
welding consumable it is necessary to consider not only fatigue performance but also other
aspects such as safety against hot and cold cracking, strength, toughness, ductility and sometimes
corrosion resistance [18].

All three LTT alloying concepts A-C (Table 3) delivered similar improvement in fatigue strength
compared to conventional high strength consumables (Table 7). The LTT effect was clearly related
to the weld metal transformation temperature rather than alloying concept. Considering mechanical
properties (Table 4) alloy B and C have yield strengths similar to or higher than the base material
whereas the yield strength of alloy A was significantly lower.  Alloy A have, on the other hand,
together with alloy C the highest tensile strength. Of the three compositions alloy C has the best
ductility and the highest impact strength. Based on mechanical properties alloy C seems to offer
the best combination of strength, toughness and ductility. It should be kept in mind though that
properties reported in Table 4 refer to all-weld metal properties and will therefore differ from those
of actual welds as dilution with base material affects composition.

Hot cracking could potentially be an issue when using primarily Ni as an alloying element to
suppress Ms as this will shift the weld metal into austenitic solidification [26-28]. Alloys A and B,
expected to solidify as austenite, did indeed show some tendency to hot cracking although this
could be controlled by adjusting the welding procedure. Alloy C, solidifying as ferrite, did on the
other hand resist hot cracking tendencies. No cold cracking was observed but it is expected that
alloy C would also be the least susceptible due to its low C-content and thereby lower hardness.

As discussed in reference [18] an additional benefit of composition C is that it will provide
reasonable corrosion resistance due to its higher Cr-content. This composition could therefore be
an option where there is a need to reduce residual stresses in welding of stainless steels.

Altogether alloy C seem to be the most promising by offering a combination of good mechanical
properties, safety against cracking, an LTT-effect and as a bonus some corrosion resistance. It is
clear though that further optimisation is needed to compensate for dilution effects when welding
single-pass welds in lean steels.

4.4 Concluding remarks

The potential of the LTT concept to increase fatigue life has been proven theoretically and in
laboratory tests. It has the advantages of being a “one-shot” method, i.e. no further treatment is
required after welding, and as an extra bonus reduces deformation and risk of cold cracking [11,
18, 29]. However, to make it a success story there is still a step to take from laboratory tests to real
life applications. It remains, as discussed above, to define suitable LTT-alloys that not only modify
the stress distribution but also provide required static strength and useful impact toughness.
Effects of multi-pass welding, dilution with parent material and spectrum loads on resulting fatigue
properties also needs to be studied further.



5. Conclusions

Three LTT-alloys, based on different alloying concepts, and two conventional high strength steel
welding consumables have been used to produce fatigue test specimens. These were fatigue
tested, weld metal compositions were determined and residual stresses at critical locations were
measured. Transformation temperatures were then calculated and correlated to stresses and
fatigue performance.

 Fatigue testing showed similar results for all three LTT-compositions. Fatigue strength at 2
million cycles was increased with approximately a factor of 2 for fillet welds and up to 60% for
butt welds compared to tests with conventional high strength consumables.

 Weld metal compositions giving lower transformation temperatures consistently resulted in
lower residual stresses at welds and improved fatigue strength.

 The LTT effect was clearly related to the weld metal transformation temperature rather than
alloying concept.

 A 13Cr 6Ni alloy was identified as the most promising LTT consumable candidate. This alloy
provides appropriate weld metal strength, toughness and ductility, it is crack safe thanks to its
ferritic solidification and as a bonus has reasonable corrosion resistance.

 Further optimisation of consumable composition is needed to compensate for dilution effects in
single-pass applications to maximise the LTT effect.
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