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Effect of Low Temperature and Single Overload
on Fatigue Crack Growth Behavior
of Cr-Mo Steel Weldments
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Abstract

Fatigue crack growth behavior under a constant amplitude loading and single tensile overloads
with an OLR of 2.5 was studied for 4140 steel submerged arc weldment at both room
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temperature and -45C. Compact tension type, CT, specimens were used with the load ratio, R,
of approximately zero and 0.5. Three material conditions were evaluated namely: parent metal,
as-welded HAZ and PWHT HAZ. The load ratio, R, had the greatest influence on the fatigue
crack growth behavior, while material condition and temperature had little influence. All
material conditions responded favorably to the single tensile overloads with fatigue crack growth
retardation. SEM examination revealed ductile quasi-striation fatigue crack growth morphology
at room temperature and quasi-cleavage at -45C.

1 INTRODUCTION

A weldment, especially the Heat Affected Zone
(HAZ),

structure formed from different thermal and
1,2

is a very complicated and variable
environmental conditions These complexities
inherent mechanical behavior such as
ductility,
toughness. In addition, three dimensional residual
stress/strain can result in significant decrease of
fracture toughness in the HAZ 7%,

Most welded structures and components are
subjected to variable amplitude loading. Defects in
weldments serve as sites for the initiation of fatigue
cracks that propagate under cyclic loading to the
point that unstable fracture can occur. High tensile

involve

strength, hardness and fracture

overloads followed by low amplitude loading can
involve appreciable retardation of fatigue crack
growth. This retardation has been attributed to

?. In order to better

crack tip and crack closure
calculate fatigue crack growth life in weldments,
this retardation influence must be known
quantitatively.

In addition, welded structures and components

in cold areas may be subjected to low climatic

such structures and components at low
temperature it is necessary to prevent unstable
fractures induced by fatigue cracks growing from
weld defects *?.
fatigue crack growth behavior of 4140 steel
weldments at room temperature and at a typical
low climatic temperature of -45C. This includes
the parent metal, the as-welded HAZ and the HAZ
subjected to PWHT. Constant amplitude and
single overloads fatigue crack growth behavior in
Region 1 was evaluated for the above three
material conditions at room temperature and -45C
for load ratios, R = Pmin/Pmax, of approximately
zero and 0.5. Thus twelve different test conditions
were evaluated.

This research thus focuses on

2 TEST MATERIALS AND
PROCEDURES

The parent material used in this research was

4140 vacuum degassed steel. Chemical
composition and monotonic tensile properties in
the rolled direction are given in Table 1 and 2
respectively. A 4140 steel

thickness was cut to 150 X 610mm sections and a

plate with 25mm

temperatures of -45C or below. For safe use of U-shaped groove, 610mm long, was cut

Tible 1 Chemical Composition, % weight
C Mn P S Si Ni Cr Mo Ti \ Cu

4140 steel | 0.39 0.81 | 0.005 | 0.016 | 0.11 0.11 0.90 | 0.17 --- 0.04 ---
Electrode 0.67 1.57 | 0.008 | 0.006 | 0.38 1. 65 0.02 0.35 | €0.01 | <0.01 | 0.096
Deposit 0.07 1.38 | 0.013 | 0.006 | 0.31 1.42 0.09 | 0.30 | <0.01 | <0.01 | 0.11
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Tible 2 Monotonic Tensile Properties

Property 4140 steel | weld deposit
Ultimate Strength, Su-Mpa 577 712
0.2% Yield Strength, Sy-MPa 388 598
True Fracture Stress, 0-MPa 1049 1177
True Fracture Strain, & 0.33 0.24
Reduction in Area-% 4 42

Fig. 1 A typical macroetched cross section of
weldment
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::EB —71 Metal ™
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all dimensions in mm

Fig. 2 Compact tension type, CT, specimen

The U
groove was then welded using an automatic

perpendicular to the rolled direction.

submerged arc welder with two passes. A typical
macroetched cross section of weldment is shown

in Fig. 1. Chevron notched CT specimens were
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machined from the welded plate as shown in Fig.
2. They were machined so that fatigue cracks
would grow through HAZ parallel to the weld
direction and perpendicular to the rolled direction.
Heat treatment was performed on the welded
material CT specimens as follows : heating rate =
220°C/hr, heating temperature = 650°C, hold time
= lhr and cooling rate = 1107 /hr.

The microstructures of the 4140 parent metal
and the weld HAZ, are shown in Fig. 3. The
microstructures of the 4140 parent metal consists
of typical martensite structure with finely dispersed
alloy carbides. The HAZ near the fusion line has a
coarse-grained microstructure.

Fatigue crack growth tests were performed at
room temperature and -45C using an 89 kN

(b) as-welded HAZ

Fig. 3 Microstructures of weld HAZ material

(a) parent metal (b) as-welded HAZ
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Table 3 Welding Conditions for Submerged Arc

Welding
Heat Input 30K]J/cm
Preheating Temperature 200C
Current 500A
Voltage 30V
Welding Speed 30cm/min
Wire Diameter 2. 4dmm

closed-loop electrohydraulic test system under
load control. Prior to specimen mounting , the tip
of the chevron notch was sharpened using a razor
blade for quicker crack initiation. One side of each
specimen was polished in the crack growth region
with progressively finer emery paper to 600 grit.
Low temperature tests were performed in an
automated CO, chamber. Cracks were monitored
on polished surfaces using a 33X traveling
microscope with stroboscopic
Constant amplitude test was carried out load ratios,
R = Pmin/Pmax, of approximately zero and 0.5
using a positive haversine wave with frequencies
between 15 and 25 Hz. The fatigue crack growth
rate under a constant amplitude ranged from 10°®
to 10® m/cycle and hence was in region I, ie.,
the Paris log-log linear region. Single tensile
overloads were applied at a crack length of 25mm
with an overload ratio(OLR) of 2.5 as shown in
Fig. 4. Overloads were applied with a ramp wave
at 0.125 Hz. All tests were terminated when the
crack growth rate became too great to accurately
measure the crack length or when the uncracked
ligament of the specimen(w-a) ceased to be
predominately elastic. All fatigue specimens were
precracked approximately 2mm to a total crack

illumination.

length, a, of 22mm. Precracking was usually
done in three load shedding steps as shown in Fig.
4. The reduction of Pmax between load steps was
less than 20% according to ASTM standard E647.
The maximum stress intensity factor, Kmax, just
prior to overload was 23.5MPa(m)"? and the
overload stress intensity factor, Ko, was 59 MPa
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Test start

Load (kN)

Crack length from center of hole (mm)

(b) R=0.5 Test start

Load (kN)

2 25
Crack length from center of hole (mm)
.single overload (OLR=2. 5)

(c) R = 0, single overload

Test start

Precrack

Load (kN)

Crack length from center of hole (mm)

Fig. 4 Load spectrum for precracking, constant load
amplitude and tensile overload

1/2

Crack length a, versus applied cycle N,
data were reduced to da/dN versus AK using a

(m

second order incremental polynomial method for a
constant load amplitude tests and a secant method
for single overload tests.

3 TEST RESULTS AND
DISCUSSION

3.1 The effect of low temperature

Fig. 5 shows the temperature and stress ratio
effect on the fatigue crack growth behavior for the
parent metal, crack length a, versus applied
cycles, N. The constant amplitude fatigue crack
growth curves are smooth and continuous and
fatigue crack grows slowly at R =~ 0 and low
temperature rather than R = 0.5 and room

Journal of KWS, Vol. 14, No. 2, April, 1996
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Fig. 5 Fatigue crack growth for parent metal
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Fig. 6 Fatigue crack growth for as-weld HAZ

temperature.

Fig. 6 shows the fatigue crack growth curves of
the welded HAZ. Fatigue crack at the HAZ grows
slowly at R = 0 and low temperature rather than R
= 0.5 and room temperature. And then, the effect
of stress ratio on the fatigue crack growth at as-
welded HAZ is higher than that at parent metal
and the effect of the temperature on the fatigue

crack growth at as-welded HAZ does not appear.

nearly at stress ratio of R = 0.5. From Fig. 7 and
8, the effect of the three material conditions on the
constant amplitude fatigue crack growth is shown
by crack length a, versus applied cycles, N. Fig. 7
shows the curves at room temperature. Fatigue
crack grows slowly according to the order of
parent metal, PWHT HAZ and as-welded HAZ
material. Fig. 8 shows the curves at the low
temperature of -45C. Fatigue crack growth at the
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Fig. 7 Fatigue crack growth for room temperature
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Fig. 8 Fatigue crack growth for low climatic
temperature

parent and PWHT HAZ is nearly same but that of
the as-welded HAZ material at the stress ratio of R
= 0 is the slowest because the strength of welding
HAZ. The constant amplitude crack length a,
versus applied cycles N, curves are smooth and
continuous for all twelve test conditions.

Fig. 9 and 10 show the fatigue crack growth
rate as a function of AK. Fatigue crack growth
rate, da/dN versus AK curves for the three
material conditions, two temperatures and two R
ratios are shown in Fig. 9. The figure is separated
for the three different material conditions. For a
given material condition, da/dN varies by less
than a factor of four for the two R ratios and two
temperatures. Most data , however, are within the
scatter band closer to two or less. For better
interpretation of Fig. 9, all room temperature data
have open data points and -45C data have closed
data points. It is evident then, for a given material
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Fig. 9 Fatigue crack growth rate versus AK for
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1046 _| (-2
- o
] e ®© % h .
] 3 8o ] e
% %
_ N o °®, e 5‘
i o oo £
o
€ 100 P & =3 #
K 3 o® © 3 %!.
H Jo o;.c. k-0 3 R~03
1% ]
e o. -
b o O Rt o v
B o -45°C b & 45°C
3
108
T T — T
15 2 % © 13 2 I
4X - (MP3vm)

Fig. 10 Fatigue crack growth rate versus AK for
each R ratio for all material conditions

condition and R ratio, that temperature effect has
little or no influence on the fatigue crack growth
behavior at Rigion . However, the R ratio did
influence on the fatigue crack growth behavior.
For a given AK, R = 0.5 has always greater
fatigue crack growth rates than for R = 0. Fig. 10
shows the superposition of all the fatigue crack
growth behavior for a given R ratio. For R =~ 0,
the scatter band for the three material conditions
and two temperatures is less than 2.5 to 1 and for
R = 0.5 the scatter band is less than 1.5 to 1. This
clearly shows that these three material conditions
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and two temperatures have very similar fatigue
crack growth resistance in rigion 1. The principal
factor for a constant amplitude tests appears to be
the R ratio and not the material behavior.

3.2 The effect of single overload
on fatigue crack growth

The constant amplitude and effect of single
tensile overload on the crack growth under a
constant load amplitude is shown in Fig. 11 for all
R = 0 tests and Fig. 12 for all R = 0. 5 respectively.
Since each test started at a = 22mm with the same
Pmax for both R ratios, and each single tensile
overload test had the same overload applied at a =
25mm, followed by the same Pmax value, these
two figures provide substantial comparative results
without reverting to da/dN versus AK curves. In
Fig. 11 and 12, the constant amplitude data are
represented by open data points and labeled no
overload, and the overload data are represented by
solid data points or crosses within the symbol.
Also for a given material condition, data points
with the same shape are used for the constant
amplitude test and for the overload test. The
general schematic a’ versus N curves for the no
overload curves and the overload curve can be
seperated by the number of retardation cycles, NR,
where NR is the horizontal displacement of the a’
versus N’ curve following a single tensile overload.
From Fig. 11 and 12 the overload cycles to failure
for a given R ratio fell within a factor of about 2.5
or less for all material test conditions. This again
is a rather small variation between materials. The
number of cycles of retardation, NR, versus R
ratio varies from about 2x10° to 6x10° cycles.
This represents fatigue crack growth life increases
from about 400 to 600% for R =~ 0 and 150 to
300% for R = 0.5. This also indicates that all the
material conditions investigated respond favorably
to the single tensile overloads. In general, the R =
0.5 tests have a greater number of retardation
cycles than for R =~ 0, however increased the

Journal of KWS, Vol. 14, No. 2, April, 1996
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Fig. 12 Crack growth for no overload and single overload conditions, R = 0.5
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percent in fatigue life is better for R =~ 0 tests.
The as-welded HAZ material with its higher
strength has the greatest response to the single
overloads compared to the other lower strength
material as shown in Figs. 11 and 12. However,
the differences in fatigue crack growth for the as-
welded HAZ versus the other material must also
incorporate residual stresses that have not been
relaxed. In fact, as-welded HAZ material and
PWHT HAZ material have the same microstructure,
but differ essentially in the residual stresses. Thus
both the strength, R ratio and residual stresses are
involved with the fatigue crack growth retardation.
The "a’ versus ‘N’ data for all tests are reduced
to da/dN versus AK. Typical results for the no
overload and overload conditions are shown in Fig.
13 for the parent metal. Crack growth rates prior
to the single tensile overload are above 10° m/

104 _J

da/dN - m/cycle

3
i
]
]

AK - MPaym’

Fig. 13 Fatigue crack growth rate versus AKX for no
overload and single overload, parent metal,
R=0
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Pig. 14 Fatigue crack growth rate versus AK, all
materials, R = 0

cycle while after the single overload the rate drops
to almost 10° m/cycle. Converging of the no
overload and overload data occurs as the crack
grows out of the effective overload region. A
superposition of no overload and overload data
similar to Fig. 13 is shown in Fig. 14 with R = 0
and in Fig. 15 with R = 0.5 for all materials. Open
data points represent no overload behavior.
Greater scatter exists for the R =~ 0 tests,
however all material tests again exhibit similar
behavior. Fig. 16 shows the single overload data
for both R ratios. It is quite evident here, that the
R ratio is the predominant factor when comparing
da/dN with applied AK. Since crack closure was
not monitored in these tests, an effective AK
analysis cannot be made.

3.3 Fracture Surface Observation
Typical SEM fractographs for the three material

conditions at both temperatures are shown in Fig.
17. Room temperature results are shown on the

Journal of KWS, Vol. 14, No. 2, April, 1996
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Fig. 15 Fatigue crack growth rate versus AK, all
materials, R = 0.5

left of the figure and -45C results are to the right.
The direction of macro fatigue crack growth is
from bottom to top in all fractographs. Very few
distinct striations are evident on any of the surfaces,
however, at room temperature, a so-called ductile
quasi-striation crack growth morphology exists.
All  materials show porosity, inclusions and
secondary cracking and are similar at a given
temperature. At -45C, more microcracks and
greater smoothness along with quasi-cleavage are
These

do not cause significant

evident over the fracture surfaces.

differences, however,
temperature influence in the region constant
amplitude fatigue crack growth behavior.

Fig. 18 shows the effect of the single tensile
oveload for the parent, as-welded HAZ and PWHT
HAZ material conditions. The left fractographs,
taken at 100x or 200x magnification, show the
tensile overload markings. The right fractographs
show the fracture surface observed at 1000x
magnification after the overload was applied.
Substantial crack closure following the overload
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Fig. 16 Fatigue crack growth rate versus AK for
single overloads, all materials, R =~ 0 and
0.5

often tended to obscure some of the fatigue crack
growth markings. In general, no great differences
in the fatigue crack growth morphology existed
between the different material conditions tested.
This is consistent with the lack of substantial
differences between material conditions.

4. CONCLUSIONS

The following information is based upon room
temperature fatigue crack growth and SEM
investigations of the 4140 parent metal, as-welded
HAZ material using automatic submerged arc
welding and PWHT HAZ material subjected to
constant amplitude loading (no-overload) and
single tensile overloads at room temperature and

low temperature of -45C using an OLR of 2. 5.
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Fig. 17 Typical SEM fractographs for constant
amplitude fatigue at room and low
temperature
(a) parent metal
(c) PWHT HAZ

(b) as-welded HAZ

1) For a given R ratio, all three material
conditions, (parent Metal, as-welded HAZ, and
PWHT HAZ) have essentially the same fatigue
crack growth resistance at Region I at both room
temperature and -45T. Differences in the fatigue
crack growth rates for a given AK are less than a
factor of 2.5 for R = O and 1.5 for R = 0. 5.

2) The stress ratio,
influence on the fatigue crack growth resistance at

R, has the greatest

Region I . For a given AK, fatigue crack growth
rates with R = 0.5 are 1 to 4 times higher than
those with R = 0.

3) Retardation of fatigue crack growth varis from

2x10° to 6X10° cycles for the four material
conditions which represents an increase in fatigue
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Fig. 18 Typical SEM fractographs after single

overload
(a) parent (b) as-welded HAZ
(c) PWHT HAZ

crack growth life from 150 to 600 percent. The
greatest retardation response occurs in the as-
welded HAZ material under both R = 0 and 0.5
test conditions.

4) SEM fractography reveals similar fatigue
crack growth morphology for the three material
conditions at a given temperature. At -45C, more
microcracks and smoothness are evident along
with quasi-cleavage.
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