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i ABSTRACT 

This paper presents an analysis of the low-cycle fatigue (LCF) process during fa- 
tigue testing of welded steel joints by thermographic investigations. Infrared ther- 
mography has been applied in the past to investigate high-cycle fatigue (HCF) of 
metals and welded joints, and it has been found that the thermal pattern of the spec- 
imen surface during HCF tests is characterized by three phases with a stabilized tem- 
perature. A similar thermal pattern was observed in the LCF tests. The thermal in- 
crements during the LCF life were correlated to the hysteresis loops derived from 
the traditional procedure and the experimental results confirm that there is a corre- 
lation between the stable hysteresis loops and the stabilized temperature. Moreover, 
the LCF behavior of welded joints was compared to that of the base material. 

Introduction 

Welds sometimes represent a weak 
point, due to the presence of possible 
crack-like defects along with high stress 
concentration effects and tensile residual 
stresses caused by the thermal welding 
process itself. 

Thus, several approaches have been 
proposed in literature (Refs. 1-3) for high- 
cycle fatigue (HCF) assessment of welded 
joints. 

However, some fatigue cracks have 
been detected in the structures within a 
few years of their service life, and this type 
of fatigue cannot be adequately explained 
by the HCF approaches based on the S-N 
curve. Under critical loading conditions, 
cyclic stress, which exceeds the material 
yield stress, can occur at some critical lo- 
cations such as the welds. The fatigue 
cracks, which result from the presence of 
high stress concentrations, are related to 
low-cycle fatigue (LCF), but existing de- 
sign codes do not properly consider LCF 
problems. 

The approaches to predicting the LCF 
life of welded joints, subjected to a given 
stress-time history, are based on the local 
strain approach (Neuber's rule or Molski- 
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Glinka method) and finite element analy- 
sis. They require, apart from knowledge of 
LCF curves, also the knowledge of cyclic 
material properties derived from hystere- 
sis loops at half fatigue life. 

A review of experimental studies for a 
LCF test of a welded joint specimen has 
been presented by Madi et al. (Ref. 4). 
Boronski (Ref. 5) evaluated the cyclic ma- 
terial distribution in laser welded joints 
under LCF tests; the local strains in the 
weld metal, base metal, and heat- 
affected zone were measured using a laser 
grating extensometer (LES). 

The assessment of the steel strength in 
the LCF regime is very important for a 
correct design of pressure vessels and off- 
shore structures. 

The fatigue assessment became very 
important after the Pressure Equipment 
Directive, which is the European Commu- 
nity Directive for pressure vessels, has 
been accepted. In this directive, fatigue as- 
sessment is included among the Essential 
Safety Requirements (ESR). 
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Failure due to LCF can occur in some 
pressure vessels because they can be sub- 
jected to high oscillations of the pressure 
or the temperature during their service 
life. 

Some cracks related to LCF have been 
detected in offshore structures operating 
in the North Sea (Refs. 6, 7). Most off- 
shore structures consist of plate details 
connected by welded circumferential and 
longitudinal joints, which are the sites of 
high stress concentrations and are subject 
to severe environmental loading from 
wind and wave action, which induces sig- 
nificant fatigue loads leading to cyclic 
stresses that exceed the yield stress locally. 
Moreover, hydrogen-induced cracking 
(HIC), resulting from cathodic protection 
in offshore structures and from the pres- 
ence of H2S in aqueous phase ("wet H2S") 
for pressure vessels can cause catastrophic 
failures. An experimental program (Ref. 
6) was performed to assess the hydrogen- 
assisted cracking sensitivity of high- 
strength steels used for jack-up platforms. 
Comparative tests were carried out on 
normalized SOD (E355) and ASTM A516 
Grade 70 steels, which are widely used for 
pressure vessels and offshore structures 
(Ref. 6). 

The aim of this scientific work is the 
analysis of the LCF process in carbon steel 
welded joints. Strain-controlled fatigue 
tests were performed on ASTM A 516 
Grade 70 steel and welded joints made of 
the same steel. The experimental results 
allowed the comparison of LCF behavior 
of the welded joints to that of the base 
metal. 

The tests were carried out applying 
axial cyclic loads at different strain ampli- 
tudes with a strain rate of 1T0-2 s_1 and a 
strain ratio Rt = -\. An infrared scanner 
detected the temperature increment AT of 
the specimen surface during the tests. 
Analysis of the thermographic images has 
allowed measurement of temperature pat- 
terns during the fatigue tests and to corre- 
late it to the hysteresis loops. 

Infrared thermography has been applied 
in the past in the HCF regime to assess the 
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Fig. 1 — Geometry of the welded specimens (unit: mm). Fig. 2 — Experimental setup. 
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Fig. 3 — Stable hysteresis loop. 

fatigue strength of aluminium (Refs. 1, 2) 
and steel (Ref. 8) welded details, used in 
shipbuilding, to estimate the thermoelastic 
effect (Ref. 9) and also to find the relation- 
ship between temperature increment in a 
metal specimen, which is cyclically loaded, 
and its specific damping (Ref. 10). 

In this paper, an application of infrared 
thermography for the analysis of the LCF 
process in steel welded joints is 
presented. 

Materials and 
Methods 

The base material 
of the analyzed 
welded joints is an 
ASTM A 516 Grade 
70 (UNI EN 10028 
P355NH) steel. 

The chemical com- 
position and the me- 
chanical properties 
of the steel are shown 
in Tables 1 and 2, re- 
spectively. 

Hydrogen-induced 
cracking tests, ac- 
cording to NACE 
TM 0284, were con- 
ducted on welded 
joints and specimens 
made of the same 
steel (Ref. 11), and 
the toughness was 

     evaluated by means 
of crack tip opening 
displacement 
(CTOD) tests (Ref. 

11). Table 3 reports the CTOD values, ob- 
tained for both the base metal and welded 
joint in the standard condition and at in- 
creasing exposure time in a charging hy- 
drogen environment, a NACE test solu- 
tion A: 5.0 wt-% NaCl and 0.5 wt-% 
CH3COOH, saturated with H2S gas at 
ambient temperature and pressure. 

In order to perform LCF tests, some 
specimens were machined from a welded 

plate with the length direction perpendi- 
cular to the rolling direction and that were 
subjected to a stress relief heat treatment 
before the tests. 

Welding of the joints was performed 
with shielded metal arc welding (SMAW) 
with E7018 filler metal. The specimens un- 
derwent the following heat treatment: heat- 
ing rate of 200oC/h up to 610oC, 3 h at 610oC, 
cooling rate (inside furnace) of 200oC/h. 

After welding, the joints were checked 
by radiographic tests for 100% of their 
length. No cracks were detected. 

The welded joints were machined flat, 
entirely removing the weld reinforcements. 
Figure 1 shows the geometry of the welded 
joints with a dog-bone shape, similar to that 
of the base metal specimens. 

Tests were performed using an MTS 810 
System servohydraulic load machine with a 
250-kN capacity. The tests were undertaken 
in strain control with a constant strain rate 
of I-IO-2 s_1 and a strain ratio i?E = -1. Dif- 
ferent strain ranges AE were applied: be- 
tween 0.4 and 0.8% for base material spec- 
imens and between 0.2 and 0.7% for welded 
joints. The longitudinal strain was continu- 
ously measured throughout the test by 
means of a longitudinal extensometer with 
a 25-mm gauge length, clamped to the spec- 
imen. Fatigue testing was continued until 
the specimen failed. 

The surfaces of all the specimens were 
painted with a uniform, thin black coating in 
order to avoid reflections from the environ- 
ment and to get a greater thermal contrast. 
The thermographic images were acquired 
every 5 s by means of an infrared scanner 

Table 1 — Chemical Composition of the Steel (wt-%) 

C Mn P S Si 

0.20 1.12 0.010      0.003 0.31 

Cu Ni Cr Mo Al Nb V Ti 

0.026 0.04 0.21 0.005 0.034 0.018 0.008 0.002 
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Fig. 4 — oa- E• curves for base metal and welded joint. Fig. 5 — Stable hysteresis loops for base metal and welded joint (AE = 0.4%). 

Fig. 6— za-N curves for welded joint and base metal. Fig. 7 — Cyclic stress-strain curves for welded joint and base metal. 

(Flyr System A40M with a thermal resolu- 
tion lower than 0.08oC) located 0.3 m in 
front of the specimen — Fig. 2. Therma- 
CAM Researcher software was used to an- 
alyze the thermographic images. The digi- 
tized images contained 320 x 240 pixels. 

During the tests, in order to consider 
only the effect due to the cyclic stresses, 
both the temperatures of the specimen sur- 
face and of the environment were simulta- 
neously measured with the thermocamera 
scanner. The correct temperature increase 
of the specimen was then determined sub- 
tracting the environmental temperature 
variation. 

Results and Discussion 

The following results for each steel type 
have been obtained by the experimental 
tests: 
• stable hysteresis loops 
• LCF constants (K', n') 
• s-N curve, 
• cyclic o—E curve, 
• ATW curves, 
• asymptotic temperature increments 

Stable Hysteresis Loop 

The tests were undertaken with ASTM 
E606 standard (Ref. 12), keeping constant 
the average strain rate E throughout each 

test at the value 1T0-2 s_1 in order to avoid 
any influence of the strain rate on the hys- 

teresis loop shape. The testing frequency 
was then calculated by the following 
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Table 2 — Monotonic Mechanical Properties of the Steel 

E 
(GPa) 

210 

Rp 0.2% 
(MPa) 

379 

RmUTS 

(MPa) 

544 

Elongation in 200 mm 
(%) 

27 

LU 

s 

Table 3 —CTOD Values 

Exposition Time 
(h) 

Standard condition 
30 h 
72 h 
96 h 

Base Metal 
CTOD (mm) 

1.27 
0.50 
0.59 
0.78 

Welded Joint 
CTOD (mm) 

0.92 
0.26 
0.30 
0.26 

Table 4 — Low Cycle Fatigue Parameters 

K' a v 
Steel Type (MPa) (MPa) 

Base Metal 1261 0.2113 339 

Welded Joint 748 0.1108 376 
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fig. S— AT-N curves for base metal. Fig. 9— AT-N curves for welded joints. 

equation: 

m 

O 

m 
m 
> 

o 

/= 
2-AE 

(1) 
Ao = £ • AE (2) "/' M°    " K' (4) 

The cyclic stress-strain curves were de- 
termined using the method of one speci- 
men for each imposed strain level and 
defining the stable hysteresis cycle at ap- 
proximately the half fatigue life Nf/2 ac- 
cording to ASTM E606 standard (Ref. 
12). The tests were carried out with im- 
posed strain ranges between 0.4 and 0.8% 
for base material specimens and between 
0.2 and 0.7% for welded joints. 

The LCF parameters (K',n') were ob- 
tained through analyzing the stable hys- 
teresis loops that have a symmetric shape 
about the origin of the stress-strain axes 
-Fig. 3. 

The plastic strain-range AEP was evalu- 
ated as the width along the abscissa of the 
stable hysteresis loop at half life Nf/2 (Fig. 
3) and the stress amplitude Ao was calcu- 
lated from the elastic portion of the total 
strain AEe (AE(,=AE - AE„) as 

where the Young's modulus E was evalu- 
ated equal to 190 GPa for the welded joint 
and 210 GPa for the base metal. 

The plastic strain range AE„ can be re- 
lated to the stress amplitude Ao using the 
following empirically derived power equa- 
tion similar to the monotonic plastic 
strain-stress relationship in a tensile test: 

A%    I  Ao W 

•^J 
(3) 

The values of the strain-hardening ex- 
ponent n' and strength coefficient K', re- 
ported in Table 3, were determined by the 
application of the linear regression 
method to the pairs of results, derived 
from the stable hysteresis loops, of the 
plastic strain range Ea„ and the stress am- 
plitude oa (Fig. 4) according to the fol- 
lowing equation: 

The LCF behavior of the welded joints 
is different with respect to that of the base 
material. The welded joints consist of 
three main zones: the base metal, heat-af- 
fected zone (HAZ), and welded zone. A 
strong material properties mismatching 
occurs in the three weld joint zones, so 
they are subjected to different strain dis- 
tributions during fatigue tests and the 
local strain measurement is not easy. The 
local strength have been investigated by 
means of strain measurement, using 
image analysis techniques (Ref. 13) and 
hardness tests (Refs. 5,14). 

It is well known that the weld metal has 
lower fatigue strength than the base metal, 
and the HAZ has still lower fatigue 
strength. In the low-cycle fatigue regime, 
cracks generally initiate at the HAZ in the 
early stage of loading cycles and propagate 
until the complete failure as reported in 

Table 5 — Experimental Test Results 

Specimen Test Ae f 
(Hz) 

Nf 

Aa(Nf/2) 

(MPa) 

AW (Nf/2) 

(MJ/m3) 

AWT 

(MJ/m3) 

ATAS 

(°C) 

Base Metal 1 0.0040 1.25 20716 530 0.5363 0.503 12.0 
2 0.0070 0.71 7598 649 1.5344 1.6711 16.0 
3 0.0040 1.25 28312 569 0.46 0.503 7.3 
4 0.0080 0.63 4665 701 1.8791 2.1292 19.0 
5 0.0080 0.63 3727 708 1.8521 2.1292 19.5 

Welded Joint 1 0.00300 1.667 6577 538 0.046 0.080 5.2 
2 0.00250 2.000 30335 463 0.000 0.020 1.0 
3 0.00275 1.818 16579 496 0.052 0.043 4.0 
4 0.00325 1.538 11004 588 0.183 0.131 0.8 
5 0.00500 1.000 3119 641 0.782 0.785 13.5 
6 0.00400 1.250 3923 609 0.357 0.362 11.0 
7 0.00375 1.333 4812 620 0.209 0.274 9.7 
8 0.00600 0.833 2545 704 1.068 1.288 17.5 
9 0.00650 0.769 3108 682 1.381 1.568 18 
10 0.00700 0.714 1633 717 1.716 1.850 23.5 
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the literature (Refs. 13,14). 
With respect to the base metal, the pres- 

ence of a welded area produced a decrease 
in the plastic strain and an increase in the 
stress. This behavior results also from analy- 
sis of the stable hysteresis loops. 

Figure 5 shows the stable hysteresis 
loops, obtained for base and welded joint 
at the applied strain range AE equal to 
0.4%. 

The e-N curves were assessed accord- 
ing to the ASTM E739 standard (Ref. 15). 
In plotting E-JV curves in a bilogarithmic 
scale, the independent variable E is plotted 
along the ordinate, with the fatigue life Nf 
(the dependent variable) plotted along the 
abscissa. 

The analysis of the E-N curves, shown 
in Fig. 6, demonstrated that the welded 
joints have a lower LCF strength with re- 
spect to the base material. 

Cyclic a-e Curve 

The cyclic stress-strain equation is ex- 
pressed by a Ramberg-Osgood type 
relationship: 

J_ 
AE     AO     (   Aa  I «' 

2     2-E    [l-K'j 
(5) 

The diagram in Fig. 7 shows, for welded 
joint and base metal, the cyclic stress-strain 
curves, obtained applying Equation 5. 

The cyclic yield strength Sy' is defined 
at 0.2% strain offset, which corresponds to 
a plastic strain amplitude of 0.002 on the 
cyclic stress-strain curve. The values of 
cyclic yield strength S ' reported in Table 
4, were estimated by substituting AE„/2 = 
0.002 in Equation 5. 

Although Equation 5 represents the re- 
lationship between stress and strain stable 
amplitudes, it cannot, generally, be ap- 
plied to describe the hysteresis loop 
branches. A material is said to exhibit 
"Masing-type" behavior when the 
branches of its hysteresis loops can be de- 
scribed by magnifying the cyclic stress- 
strain curve equation (Equation 5) by a 
factor of two. This type of behavior is com- 
mon for many metals. 

Thus, the equation that represents the 
stabilized hysteresis loop curve of metals 

1 

. (   Aa W AE 

2 

ACT 
+ 2 1?^ c.) 

The areas AW, obtained by integration 
of the experimental stable hysteresis loops 
at half life, are reported in Table 5 and the 
areas AWT of the theoretical hysteresis 
loops, evaluated applying Equation 6, are 
also shown in the same table for 
comparison. 
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Fig. 10 — Thermographic images of steel specimen under LCF loading (AE = 0.8%). 

Fig. 11 — Thermographic images of welded joint under LCF loading (At = 0.375%). 

Infrared Investigations 

Within the LCF regime, the failure 
mechanism is governed by the plastic dam- 
age. The plastic work can be obtained by 
integrating the area within the hysteresis 
loop of the material. Since plastic defor- 
mations always dissipate heat, the temper- 
ature increases in the regions undergoing 
plastic strain, which are visible in the in- 
frared images. The fatigue damage phe- 
nomenon is an energy dissipation process 
that can be detected by the thermographic 
technique. From these assertions, it is in- 
tuitive to conclude that temperature in- 
crement and hysteresis loop of the mate- 
rial must be closely correlated. 

From all the HCF tests conducted in 
the past (Refs. 2, 8,10), it has been found 
that, if the specimen temperature is de- 
tected by means of an infrared camera 
during fatigue testing, three phases are ob- 
served in the AT-N curve. 

When a specimen is cyclically loaded 
above its fatigue limit, the temperature of 
the specimen surface usually rises quickly 
in the initial phase (phase 1), then reaches 
a stabilized asymptotic value ATAS (phase 
2), and eventually this asymptote is left 
with a very high further temperature in- 
crement, leading soon to failure after few 
cycles (phase 3). 

The temperature of the hottest area of 

the specimen surface can be detected dur- 
ing the load application by means of a ther- 
mocamera and the increment AT with re- 
spect to the initial temperature of the 
unloaded specimen can be evaluated. This 
temperature increase is directly related to 
the mechanical energy dissipated into heat. 

In Figs. 8 and 9, the AT-N curves, cor- 
responding to the welded joints and steel 
specimens subjected to different strain 
range levels, are plotted and the above 
mentioned three phases are observed also 
in these curves relative to LCF tests. Fig- 
ures 10 and 11 show, for welded joint and 
base metal, the thermographic images at 
different fatigue cycles, corresponding to 
the three phases of the AT-N curves. The 
values of the asymptotic temperature in- 
crement ATAS, detected for each LCF test, 
are reported in Table 5. 

From the analysis of the AT-N curves, 
it results that the stabilized asymptotic 
temperature ATAS is reached after few cy- 
cles and is maintained until a few cycles 
before the failure. 

At strain amplitude values lower than 
0.004, the welded joints exhibit a quasi- 
plateau saturation almost similar to that 
observed in base metal, as shown in the 
AT-N curves reported in Fig. 9. At higher 
values of strain amplitude, the fatigue be- 
havior, characterized by a more pro- 
nounced initial softening, is more influ- 
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enced by the welded portion and this can 
explain the different pattern of the corre- 
sponding AT-N curves — Fig. 9. 

The hysteresis loops at different cycle 
numbers AW(N), relative to tests per- 
formed on a steel specimen and on a 
welded joint at the same strain range AE = 
0.4%, are shown in Figs. 12 and 13, re- 
spectively. The stabilized hysteresis loop 
AW is reached after few cycles as hap- 
pened for the asymptotic temperature in- 
crement ATAS. 

This behavior can be explained by the 
fact that the cycled metal exhibits steady- 
state behavior: Stress and strain reach 
their saturated values after few fatigue cy- 
cles, and there are no further changes in 
the hysteresis loop shape and area until 
the last cycles before the failure. 

It means that there is a correlation be- 
tween the asymptotic temperature incre- 
ment ATAS and the stable hysteresis loop. 

Conclusions 

1. Fatigue constants (K', n') and LCF 
curves for welded joints and carbon steel 
specimens were determined from the 
strain-controlled fatigue tests. They are 
useful parameters in predicting fatigue life 
of components and welded details made 
from the same steel and subjected to any 
random service loading. 

2. The thermal pattern of the HCF 
tests, characterized by three phases with a 
stabilized temperature, was observed also 
in the LCF tests. 

3. The temperature increment and hys- 
teresis loop of the materials are closely 
correlated because they are both a mani- 
festation of the energy dissipation process 
in metals under fatigue loading during 
plastic deformation. 

Further experiments are planned to in- 
vestigate the failure surface and crack ini- 
tiation and propagation through micro- 
scope evaluation of the specimen at cycle 
intervals and in order to correlate the de- 
tected temperature increment AT to crack 
initiation and propagation during low- 

cycle fatigue tests. Furthermore, the dif- 
ferent mechanical strengths of the weld 
metal, HAZ, and base metal will be inves- 
tigated through application of a technique, 
based on the digital image correlation that 
allows assessment of the displacement 
field on all specimen surfaces and the lo- 
calized strain concentration. 
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Nomenclature 

f frequency (Hz) 
K' cyclic strength coefficient (MPa) 
n' cyclic strain hardening exponent 
E Young's modulus (MPa) 
HCF high cycle fatigue 
LCF low cycle fatigue 
N number of cycles 
Nf number of cycles to failure 
2Nf reversals to failure 
RE strain ratio 
sy cyclic yield strength (MPa) 
sa strain amplitude 
sae elastic strain amplitude 
eap plastic strain amplitude 
era stress amplitude (MPa) 
AT temperature increment at the 

hot-spot area (0C) 
MAS asymptotic temperature incre- 

ment (0C) 
AW area of the hysteresis loop at half 

life (MJ/m3) 
AW(N) area of the hysteresis loop at a 

fixed number of cycles (MJ/m3) 
AWT area of the theoretical hysteresis 

loop at half life (MJ/m3) 
AE strain range 
Ase elastic strain range 
Asp plastic strain range 
Aa stress range (MPa) 
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