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The Fatigue Ductile–Brittle Transition (FDBT) is a phenomenon similar to the fracture ductile to brittle
transition, in which the fracture mode of the fatigue cracks changes from ductile transgranular to cleav-
age and/or grain boundary separation. Fatigue at temperatures below the FDBT has a much different
crack growth rate than fatigue above that temperature. In an attempt to give practical guidance as to
whether or not the FDBT is relevant for design, this paper compares a FDBT curve to the much more com-
mon Charpy and CTOD transition curves for an S460 structural steel. The data in this paper suggests that
choosing a steel with a Charpy energy in Joules greater than 10% of its yield strength in MPa at the design
temperature may not be adequate to assure that a fatigue ductile to brittle transition does not occur in
service conditions.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Arctic regions have become increasingly interesting for explo-
ration by industry. There are large untapped gas and oil resources
in the Arctic. Furthermore, the possibility of connecting Europe and
Asia with a route through the Northeast Passage could dramati-
cally reduce the costs of shipping. However, operating in this
environment with relatively little experience raises a number of
questions and possibly relatively unknown loading scenarios. For
example, ice loading promises a high periodic loading that will
be applied to structures in the arctic. As well, the operating tem-
peratures will be lower than the offshore industry typically works
with. Is it possible that fatigue (particularly at low temperatures)
will need to be re-evaluated?

1.1. Fracture ductile to brittle transition

As ferritic steels become colder, they undergo a transition from
a shear-dominated (ductile) fracture mode to a cleavage or inter-
granular fracture-dominated (brittle) fracture modes. Operating a
structure at a temperature at which brittle fracture can occur can
result in catastrophic consequences, so most modern steel
structures are designed and tested to avoid this. The brittleness
or toughness is measured through fracture mechanics testing, such
as CTOD (BS 7448-1 [11]), KIc (ASTM E399 [7]), Charpy (ASTM E23
[5], ISO 148 [16]), or J-integral testing (ASTM E1820 [8]), and tran-
sition between brittle and tough is shown schematically in Fig. 1.
The issue of the fracture ductile to brittle transition is complicated
by the fact that the ductile to brittle transition temperature
depends on a number of different factors, including the sharpness
of the notch (or crack) tip, the size of the specimen, the constraint,
and the strain rate applied (see Anderson and McHenry [2], among
many others). While there is no unique definition of ductile to brit-
tle transition temperature (e.g. any of the above toughness tests
could be used to identify it), there are some commonly-used values
used to describe it. One of these values is the Fracture Appearance
Transition Temperature (FATT) (ASTM A370-77 [3] has a good
description of FATT, though later versions appear to have omitted
it). This is the temperature at which 50% of a Charpy fracture sur-
face failed in the shear (tough) mode. Another parameter is the T27J,
which is the temperature at which a Charpy specimen would have
a fracture energy of 27 J. Finally, another important parameter is
the T0, which is the temperature at which a specimen would have
a KIc of 100 MPa

p
m for a full-thickness fracture test (defined in

[29]; standardized in ASTM E1921 [9]). These parameters are
independent from each other, but there are statistical relations
between them. In general, the FATT is higher than the T27J. Also,
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Abbreviations and nomenclature

%SA percent shear area – the percent of the fracture surface
of a Charpy specimen that failed in the shear failure
mode (%)

DK stress intensity factor range (MPa
p

m)
DKth threshold of stress intensity factor range (MPa

p
m)

m Poisson’s ratio (–)
rU ultimate tensile stress (MPa)
ry yield stress (MPa)
a in fracture specimens: combined notch and fatigue pre-

crack length (mm). In fatigue specimens and theory:
length of fatigue crack (mm)

B thickness of a fracture specimen (mm)
da/dN crack growth per cycle (mm/cycle)
C Paris crack growth law coefficient (units depend on

exponent n)
CTOD crack tip opening displacement (mm)
DBTT Ductile to Brittle Transition Temperature (�C)
E Young’s modulus (MPa)

FATT Fracture Appearance Transition Temperature –
temperature at which %SA = 50% (�C)

FDBT Fatigue Ductile–Brittle Transition
FTT Fatigue Transition Temperature (�C)
KIc critical stress intensity factor for mode I (MPa

p
m)

Kdc KIc calculated by performing a CTOD test, then convert-
ing the CTOD value to a stress intensity factor (MPa

p
m)

LAST Lowest Anticipated Service Temperature (�C)
n Paris exponent (ND)
Pf probability of failure (–)
SENB Single Edge Notched Bend
T Temperature (�C)
T0 Temperature at which the KIc is 100 MPa

p
m (�C)

T27J Temperature at which the Charpy impact energy is 27 J
(�C)

UTS Ultimate Tensile Strength (MPa)
W height of a fracture mechanics specimen (mm)

]

10-3

10-2
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the T0 is approximately 18 �C below the T27J, with a standard devia-
tion of 15 �C [29].

The issue of fracture ductile to brittle transition temperatures is
further complicated by the difference between crack initiation and
crack arrest. Values like CTOD, KIc, or J-integral are generally used
to measure the temperature at which a crack will begin to advance.
The toughness at which a crack will arrest tends to be lower [30],
and the ductile to brittle transition temperature for crack arrest
tends to be higher than that of crack initiation [30]. The Nil-
Ductility Temperature (ASTM E208 [4]) is an example of a value
that is used to characterize the crack arrest ductile to brittle tran-
sition temperature. While the Charpy test is often used to
characterize fracture initiation, Charpy parameters can be used to
characterize crack arrest ([17], [23]), especially when instrumented
[30].

Though there are many different parameters to quantify the
fracture ductile to brittle transition temperature for crack initiation
or arrest, values based on the Charpy energy tend to be the most
widely used in the maritime and offshore industry. This is because
of the popularity in the standards and their very low cost. The most
popular Charpy value would be T27J, followed closely by the tem-
perature at which the Charpy energy in joules is 10% of the yield
strength in MPa (e.g. the T46J may be used for S460 steel). If a mate-
rial fails to meet Charpy requirements, a common recourse would
be to show that it can meet requirements by CTOD testing.
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Fig. 1. A schematic of a Charpy and CTOD ductile to brittle transition curve,
showing a distinct shift in the ductile to brittle transition temperature due to the
differences between the specimens.
1.2. The fatigue crack growth rate curve

Fatigue behavior of metals is often characterized by the da/dN
versus DK curve. This curve is typically presented in log–log coor-
dinates and represents the crack growth per cycle (da/dN) on the
vertical axis against the stress intensity range (DK) on the horizon-
tal axis. An example is given in Fig. 2. This curve is known to have
three distinct regions. Region I corresponds to low stress intensity
ranges. This region contains the vertical asymptote known as the
threshold stress intensity range (DKth), below which no or negligi-
ble crack growth occurs. Region II is a region in which the relation-
ship between the crack growth rate and the stress intensity range
is approximately linear in log–log coordinates, as is often
expressed by the Paris law:
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Fig. 2. A da/dN versus DK curve for a low-carbon steel above and below the FTT
[25].
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da
dN
¼ C DKð Þn ð1Þ

Region III is the region of unstable crack growth. The current
paper will focus on the threshold stress intensity range and the
Paris regime because they are the most relevant to fatigue crack
growth. Region III is typically associated with fracture, in which
the ductile to brittle transition is much better understood and
quantified.

1.3. Existence of the Fatigue Ductile to Brittle Transition

A ductile to brittle transition similar to that of fracture has been
documented for fatigue at low temperatures (e.g. [20,22,25,28,27],
among others) and has been called the Fatigue Ductile–Brittle
Transition (FDBT). It is a phenomenon which is specific to ferritic
steels, and the temperature at which this transition occurs is
known as the Fatigue Transition Temperature (FTT). It has been
observed that lower temperatures generally cause decreased fati-
gue crack growth rates until the FTT is achieved [25,1]. Below
the FTT, the curve becomes discontinuous, and higher fatigue crack
growth rates are encountered [25]. The analogy between the frac-
ture and fatigue ductile to brittle transition behavior is also sup-
ported by fractography, where steels can exhibit ‘‘transgranular
crystallographic faceting, slip-band decohesion, twin-boundary
parting, and intergranular fracture’’ at low temperatures [27]. A
more nuanced observation is that temperatures below the FTT
induce a higher slope in the da/dN versus DK curve, thus meaning
that the fatigue crack growth rate may be lower for low DK values
and higher for higher DK values than for room temperature [25].
This is shown in Fig. 2 for a low-carbon steel. Fig. 3 from the same
source shows the slope of the da/dN versus DK curve (the value n
from Eq. (1)) increasing until a set temperature, and then decreas-
ing sharply thereafter. Fig. 3 also shows a number of other attri-
butes (da/dN at DK = 120 MPa

p
m, the number of cycles of crack

growth, and maximum stress intensity existing at fatigue fracture)
becoming more favorable as the temperature decreases, and then
becoming less favorable after a certain set temperature. It is worth
da
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Fig. 3. Several fatigue parameters for a 5.5% Ni steel showing increasingly favorable
performance as temperature decreases until a critical temperature (presumably, the
FTT), and then becoming markedly less favorable [18].
noting that the data represented in Fig. 3 was collected at high DK
ranges. While the effect of the FTT on fatigue is complicated, it is
clear from the published literature that an effect does exist.
Clearly, this effect could become important for structures operat-
ing at low temperatures.

While it is acknowledged that fracture typically occurs at ulti-
mate loading conditions and fatigue typically occurs at service
loading conditions, the literature has shown that the mechanisms
of damage above and below the ductile to brittle transition tem-
peratures for both fatigue and fracture present evident similarities
(see the comments on fractography, above). Therefore, the concern
that low temperatures can allow an accelerated fatigue mode does
not reflect a concern that structures are operated closer to the ulti-
mate strength in lower temperatures, but rather that they may
encounter a change of fatiguing mode.
1.4. Prior work in relating the FDBT to fracture mechanics ductile to
brittle transition parameters

Designers and classification societies assure safety against brit-
tle fracture by checking that their steel has a Charpy Ductile to
Brittle Transition Temperature (DBTT, e.g. the T27J value that was
already described) below the Lowest Anticipated Service
Temperature (LAST), plus or minus a temperature shift to account
for various factors. In a similar fashion, safety against fracture can
be assured by showing that the fracture toughness (e.g. CTOD) is
high enough at the LAST. The effects of operating at temperatures
below the FDBT should not be of concern for designers if the FDBT
is below their LAST or their Charpy DBTT, or if the FDBT occurs at a
lower temperature than a critical value of CTOD. Therefore, it
becomes of major interest to know, for instance, how the FDBT
compares to Charpy DBTT or some critical value of CTOD. Despite
the important contributions made to the topic by several authors,
a definitive answer is still missing. Tobler and Cheng [27] have
plotted the KIc fracture toughness and the Paris exponent (n)
against temperature on the same plot. This plot is shown in
Fig. 4, and it shows that the slope of the da/dN versus DK curve
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Fig. 4. The Paris law exponent and the fracture toughness plotted against
temperature, showing a relationship between the fracture and fatigue ductile to
brittle transitions for 9% Ni ferritic steel (from [27]).



Table 1
Summary of key material parameters.

Mechanical characteristics

Grade Thickness
(mm)

ry

(MPa)
ru

(MPa)
T27J

(�C)
T46J

(�C)
FATT
(�C)

ry@-80 �C
(MPa)

S460 40 479 566 �79 �73 �50 578a

Chemical characteristics
C Mn Si S

0.11 1.42 0.241 0.001

a Estimated from RT properties.
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increases as soon as the KIc value starts to decrease in the fracture
ductile to brittle transition. However, one would expect a higher
slope of the da/dN curve to occur in the lower transition or lower
shelf, where the cleavage fracture is not first preceded by ductile
crack growth in fracture tests. Indeed, a number of authors have
observed that the FDBT occurs low in the fracture transition or
even in the lower shelf. For example, it is mentioned by Lü and
Zheng [20] that the transition usually occurs at a lower tempera-
ture than the FATT. Furthermore, Stephens et al. [25] indicate that
the FTT tends to be lower than the Nil-Ductility Temperature or the
Charpy transition temperature (though the authors leave the pre-
cise definition of Charpy transition temperature vague). Moody
and Gerberich [22] contribute by plotting the Paris exponent ver-
sus the test temperature minus the fracture DBTT. Their plot is
shown in Fig. 5, and it evidences a clear relationship between the
Paris exponent and the relative position of the DBTT over a range
of the DBTT ±50 �C. Therefore, there appears to be ambiguity in
the literature, and no source can be found that gives a clear
relationship between readily available fracture mechanics parame-
ters and the much more expensive FDBT. Furthermore, much of the
work presented in the literature refers to materials and steels
intended for cryogenic service, while the steels of interest for
application in arctic conditions will be ferritic structural grade
steels with much higher DBTT’s.
1.5. Scope and goal of this paper

Increased interest in arctic applications has motivated an
increased interest in the application of ferritic steels at low tem-
peratures. While Charpy testing is inexpensive and almost univer-
sally applied, measurement of the FDBT is expensive and very
rarely performed. Measurement of fracture toughness parameters
(such as CTOD) are less common than Charpy measurements, but
still quite approachable in terms of cost and availability of labs that
perform the tests. If the FDBT always occurs below a Charpy-based
transition value that is much less expensive to measure, then low-
temperature fatigue testing may not be necessary. Similarly, if the
FDBT occurs below a critical CTOD value, then low-temperature
fatigue testing may not be necessary. This paper makes some of
the first steps to address whether low-temperature fatigue testing
is necessary or if the need can be eliminated based on comparison
FC
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Fig. 5. The Paris exponent plotted against the test temperature minus the fracture
Ductile to Brittle Transition Temperature (DBTT) for iron and iron binary alloys [22].
with Charpy of CTOD tests. It also contributes unique test data on
the effect of the FDBT on a ferritic steel.
2. Experimental program

2.1. Materials

40 mm thick thermomechanically rolled S460M plate is consid-
ered in this study. Some key properties of this material are pre-
sented in Table 1. Unwelded base material was used for all test
results. The yield strength (ry) and Ultimate Tensile Strength (ru)
that are presented in Table 1 came from the material certificates.
The yield strength at �80 �C, as estimated from BS 7448-2 [12]
from the room temperature yield strength, is given for reference.
The T27J, T46J, and FATT values are described in the following
section.
2.2. Tests

Charpy tests were performed at eight temperatures spanning
from �87 �C to �20 �C according to ISO 148 [16]. CTOD tests were
performed at �85 �C, �75 �C, �65 �C, and �55 �C on the material
according to BS 7448-1 [11]. All of the tests were performed in
the 3-point bending Single Edge Notched Bending (SENB) config-
uration on full-thickness specimens. The height (W) was twice
the thickness (B), resulting in a cross-section that was 40 mm thick
by 80 mm high. The notches were extended by a 3 mm long fatigue
pre-cracks to achieve a crack length (a) to height (W) ratio of
Fatigue specimen

Fracture specimen

R
ol

lin
g 

di
re

ct
io

n

Transverse direction Thickness 
direction

Fig. 6. Test specimen and setup for the fatigue specimen (top) and the fracture
specimen (bottom). The end views are shown on the right. Dimensions that are not
specifically noted may not be to scale.



Fig. 7. Charpy transition curve with fracture toughness (Kdc) data superimposed.
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approximately 0.5. The configuration of the fracture specimens is
shown in Fig. 6, including the arrangement of the rollers. For the
CTOD tests, the temperature was controlled by enclosing the fix-
ture and specimen in a chamber, and pumping liquid nitrogen into
the chamber based on a feedback control system. The temperature
of the specimen was measured and controlled based on a
thermocouple that was attached to the specimen.

Testing of the fatigue crack growth rate was performed accord-
ing to ASTM E647-08 [6]. For all specimens, the full-thickness SENB
configuration with an R ratio of 0.10 was used. The thickness was
40 mm, and the height was 80 mm. Unlike the fracture specimens,
the notch was only 10 mm deep, and it was extended by a 10 mm
fatigue crack before crack growth rates were recorded. The config-
uration of the specimen, including loading rollers, is shown in
Fig. 6. The crack length was measured to the nearest 0.001 inches
(0.0254 mm) by the DC potential drop method, and the da/dN was
calculated according to the incremental polynomial method. A
sinusoidal wave form of 5 Hz was used. In all cases, the experiment
was started with an intermediate stress intensity range (15–
17 MPa

p
m). The specimen was fatigued at that stress intensity

for a number of cycles. A lower stress intensity range was chosen,
and it was fatigued at that range. The process was repeated until a
fatigue crack growth rate no larger than 10�7 mm/cycle was
obtained. The stress intensity range that corresponded to a fatigue
crack growth rate of 10�8 mm/cycle was regarded as the DKth. In
case the lowest fatigue crack growth rate was larger than
10�8 mm/cycle, the data were used to extrapolate to 10�8 mm/
cycle; otherwise, the data were interpolated to that value. For
reference, the lowest tested fatigue crack growth rates in descend-
ing order were 7.4 � 10�8, 1.4 � 10�8, 1.0 � 10�8, 9.0 � 10�9,
7.4 � 10�9, 6.1 � 10�9, 3.7 � 10�9, 1.4 � 10�9 mm/cycle. The condi-
tion which required the greatest amount of extrapolation was
tested at �77 �C and gave a DKth of 4.9 MPa

p
m. This condition fits

very well within the observed trends and is consistent with the
repeated test at �77 �C, so the extrapolation/interpolation was
considered to be reliable. After the DKth was found, a new test
was started at stress intensities in the range of 4–6 MPa

p
m, and

the stress intensity range was progressively increased in the same
way that it was lowered. Ascending and descending tests were car-
ried out at room temperature (RT), �60 �C, �70 �C, �77 �C,
�100 �C, and �120 �C. The low temperatures were achieved by
pumping liquid nitrogen through a coil of copper tubing with holes
drilled into the inner surface of the coil. An insulated chamber was
built around the center of the specimen and the copper tubing. The
temperature was measured and controlled by three thermocouples
which were attached to the specimen and gave feedback into a
control system. A small force (220 N) was applied to the specimen
during cooling to keep the load train stable and in line.

The orientation of both the fracture and the fatigue specimens
were the same relative to the rolling direction. The rolling direction
was in the height (W) direction. The crack tip was oriented in the
through-thickness direction, and the span was in the transverse
Table 2
Summary of test conditions. Charpy and CTOD tests were all performed three times.
Repeated fatigue tests are indicated by a repetition of the condition in the table.

Charpy CTOD Fatigue

�20 �C �55 �C 20 �C
�40 �C �65 �C �60 �C
�50 �C �75 �C �70 �C
�60 �C �85 �C �70 �C
�70 �C �77 �C
�75 �C �77 �C
�80 �C �100 �C
�87 �C �120 �C
direction. In the nomenclature of BS 7448-4 [13], the specimens
were in the Y–X direction. The material coordinates are indicated
in Fig. 6.

The conditions that were tested are summarized in Table 2.

3. Fracture data

The Charpy energy transition curve is presented in Fig. 7. It was
fit with a tanh function according to the least squared fit method,
and the tanh function was used to evaluate the temperatures at
which the Charpy energy is 27 J (the T27J value) and 46 J (the T46J

value) that are presented in Table 1. The surface appearance was
recorded according to a method similar to Manahan et al. [21], in
which a detailed picture was taken of the Charpy fracture surface,
and the boundary between the cleavage and ductile fracture sur-
faces was indicated by a knowledgeable person. Software was then
used to evaluate the boundaries into a percent shear area. The sur-
face appearance data was fit with a tanh function according to the
least squared fit method, and the tanh function was evaluated to
find the FATT that is presented in Table 1. The CTOD data was con-
verted into a Kdc value based on the conversion given in BS
7910:2013 [14]:

Kdc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1:517

ry

rU

� ��0:3188 ry � CTOD � E
1� m2

s
ð2Þ
Fig. 8. Fatigue crack growth rate curves for several temperatures, showing a
decrease in fatigue crack growth from room temperature to approximately �70 �C,
then a scattered increase from�60 �C to �77 �C, then stable behavior below �77 �C.
Only the curves with an ascending DK are shown.
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The Kdc data is presented in Fig. 7. This data was fit with an
exponential function by the least-squared fit method.
Fig. 10. Data from Fig. 9, over-plotted with scatter bands (20% and 80% fractions)
taken from Barsom and Rolfe [10]. This shows that the change due to the FTT is
outside of the likely statistical scatter of fatigue testing.
4. Fatigue data

The fatigue crack growth rate test results are shown in Fig. 8. It
is difficult to identify qualitative trends in these plots, so the data is
interpreted by plotting the fatigue crack growth rate correspond-
ing to DK values of 8 MPa

p
m and 12 MPa

p
m against temperature

in Fig. 9. These figures show that the fatigue crack growth rate
increases by a factor of 4.2–6.2, depending on the applied DK,
when immediately spanning the FDBT. However, fatigue properties
are often measured at RT, so the ratio of fatigue crack growth rate
from RT to just below the transition is also calculated. This results
is in a scaling factor of 2.5–4.2. In order to quantify the scatter,
error bars from the literature were imposed on the data from
Fig. 9. Barsom and Rolfe [10] reported that a standard deviation
of a log da/dN relationship was 0.3 for mild carbon steel. Based
Fig. 9. Fatigue crack growth rate at 8 and 12 MPa
p

m plotted against the Charpy
energy (top), the %SA (center), and the Kdc (bottom). The fatigue crack growth rate
can be read on the left axis, and the Charpy Energy, %SA, and Kdc can be read on the
right axes. The rate data in this graph is taken from Fig. 8.

Fig. 11. The measured threshold stress intensity range versus temperature. The
threshold stress intensity was calculated from the descending DK test data.
on a standard deviation of 0.3 and a lognormal distribution, the
20th and 80th fractions were determined and shown in Fig. 10.
What this figure shows is that it is unlikely that the abrupt change
in crack growth rate between�60 �C and�77 �C is due to scatter in
material properties or testing. The authors believe that the differ-
ence in behavior is due to a change in failure mechanism.

The DKth estimated from the descending DK tests is presented
in Fig. 11. Similar to the fatigue crack growth rates with DK at 8
or 12 MPa

p
m, there is a sudden and dramatic change in DKth at

a temperature between �60 �C and �77 �C.
Finally, the Paris exponent, n, was calculated based on the least-

squared fit method on the DK range from 8 to 12 MPa
p

m. This is
plotted versus temperature in Fig. 12. This trend shows a similar
scattered step at the FDBT.

For this specific case, the FDBT occurs at a higher temperature
than T27J, lower than the FATT, and approximately equal to the T46J.
Fig. 12. Evolution of the Paris exponent, n, versus temperature. The Paris exponent
was evaluated by the least squared fit method over the DK range of 8–12 MPa

p
m.
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5. Discussion

5.1. Fundamental aspects of the FTT

The influence of low temperature on fatigue crack growth
behavior of metals which undergo FDBT, such as the S460 steel
presented in this work, has already been the subject of investiga-
tions and studies. The review of the current literature on the topic
shows how such influence is the result of two competing effects
[22]. On one side, an increase of the stress necessary to produce
plastic flow is observed as temperature is lowered: its thermal
component (effective stress), which is the expression of the short
range barriers that mobile dislocations must overcome [19], is
inversely proportional to the temperature such that plastic defor-
mation is hindered as temperature is decreased. On the other hand,
when temperature is lowered below the steel FTT, ‘‘static’’ modes
of crack propagation, such as micro cleavage cracking and micro-
void coalescence, are activated [24]. The action of these two com-
peting effects and their ‘‘range of dominance’’ can be shown by
analyzing the results summarized in Figs. 8 and 11. When fatigue
crack growth tests are performed at temperatures above the FTT
(which is between �60 and �77 �C in this particular case), a clear
general improvement of the whole fatigue crack growth curve is
obtained. However, when the temperature is lowered below the
FTT (in this case, for T < �77 �C), the ‘‘competition’’ between the
two aforementioned effects appears. After the FTT is crossed, the
favorable effects of the increased stress necessary to induce plastic
flow once again become dominant, and it can be seen that the fati-
gue crack growth rate continues to decrease with lower tempera-
ture below �77 �C. The stress intensity threshold, DKth, which is
strongly related to the plastic deformation development and there-
fore to the flow stress, shows a clear trend toward higher values
(see Fig. 11). However, the activation of cyclic cleavage prop-
agation modes becomes dominant in the Paris domain, resulting
in an increase of the crack growth speed in stage II. Static modes
of crack propagation are directly related to the tensile stress mag-
nitude at the crack tip, such as cleavage or brittle intergranular
cracking, or hydrostatic stress, such as microvoid coalescence,
and lead to acceleration in the crack growth rates which will be
more pronounced at higher DK values rather than for lower DK
values when compared to room temperature [24]. This leads to
another important consideration, in particular on the effect of the
ratio R, which has not been considered in this work but which defi-
nitely deserves mentioning. Analogously to the effects of different
DK ranges on the fatigue crack growth, for a given DK, higher R val-
ues implies higher Kmax values which consequently will lead to
enhanced crack growth rates. Therefore, the same test performed
at higher R will most probably give more conservative results.
Finally, the data presented here also shows that transition in fati-
gue also experiences scatter just as it does with fracture. This is
not surprising; the supposed occurrence of cyclic cleavage burst
is related to the steel local microstructure features (grain size or
carbide distribution, just to mention two examples), leading in
scattering in the degree of crack growth rate enhancement.
5.2. Context of relationship between FTT an DBTT in the literature

In much of the literature (e.g. [18,22]), the FTT is observed by a
dramatic change in the Paris exponent, n. While the data presented
here shows a similar jump of the Paris exponent with temperature,
the change is much more notable for the crack growth rate data. It
can be seen that the entire fatigue crack growth curve moves to
higher fatigue crack growth rates at a certain temperature.
Therefore, when contextualizing these results in the literature, it
is necessary to consider the FTT as the outcome of a change in
fatigue parameters rather than identify it in a single parameter.
The work of Tobler and Cheng [27] showed a change in the Paris
exponent that correlated with a KIc of approximately
170 MPa

p
m; see Fig. 4. For Tobler and Cheng [27], this change

can be seen as occurring at approximately the point in which
cleavage becomes a dominant mechanism in the fracture ductile
to brittle transition. The data presented here indicates an FTT
corresponding to a Kdc in the range of 120–170 MPa

p
m.

Therefore, with the new data and that of Tobler and Cheng [27],
there is preliminary evidence that the FTT correlates to approxi-
mately 170 MPa

p
m.

The Master Curve equation, given below, allows for the differ-
ence between the temperature at which a fracture toughness of
170 MPa

p
m is achieved and the T0 value of Wallin [29].

KIC ¼ 20þ 11þ 77exp 0:019 T � T0½ �ð Þf g ln
1

1� Pf

� �1=4

ð3Þ

where KIc is given in MPa, temperatures are in �C, and Pf is the
probability of failure. Based on Eq. (3), the FTT is approximately
36 �C higher than the T0 value. Wallin [29] proposed the following
relationship between the fracture and Charpy transition
temperatures:

T0 ¼ T27J � 18 �C� 15 �C ð4Þ

If we substitute our estimate that the FTT is approximately
36 �C higher than T0 into this relationship, then we find that the
FTT should be approximately 18 �C higher than T27J. Similar reason-
ing would indicate that the FTT should be approximately 12 �C
higher than T40J. The data presented in this paper is too scattered
to identify a unique FTT, but the data presented in Fig. 9 supports
these estimates. Considering that fracture and fatigue occur at such
different levels of stress intensity, it is remarkable that their tran-
sition temperatures are relatively so close. An important factor
might be the effect of plastic work on the cleavage mode. It has
been shown that cold forming of a material will increase the
DBTT for fracture specimens due to the accumulation of disloca-
tions [26,15]. While it has been shown that cold forming generally
increases the DBTT, the authors are not aware of any studies that
have shown the effect of reverse straining nor the effect of the very
high strain present at a fatigue crack tip on the fracture properties,
including ductile to brittle transition temperature. Therefore, there
is not yet enough information available to verify this hypothesis.

Many sources in the literature have shown a rotation of the fati-
gue crack growth curve below the FDBT, for example in Fig. 2.
However, these results mostly refer to Ni steels. This rotation
shows an increased DKth, a higher Paris exponent n, and a lower
fracture toughness. While our data shows a higher DKth and a
higher Paris exponent below the FDBT, the effect is less pro-
nounced. The change from above the FDBT to below it is more per-
ceived as an upward shift in crack growth rate. The difference with
the previously reported results on Ni steels is not understood at
this time, but it is known to be less favorable than the rotation that
was previously reported.

5.3. Implications for design

The low temperatures considered in this study was very low for
air temperatures (e.g. �60 �C to �77 �C) and therefore impractical
for structures exposed to the outdoor environment. However, the
main goal was to explore the relationship between the fatigue duc-
tile to brittle transition and that of fracture. It is noted that the duc-
tile to brittle transition occurs at a much higher temperature (often
in the range of low ambient air temperatures) for welds. Therefore,
this affect may become important for civil, offshore, and maritime
structures if welded structures are considered. The preliminary
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evidence presented here shows that the fatigue ductile to brittle
transition occurs slightly above a temperature given by a common
Charpy requirement (10% of the yield strength), which means that
testing to determine the FDBT may not be necessary.

The literature reported that the FDBT is below the FATT. Our
data is consistent with that information. However, FATT is very
rarely used as a design value, so this provides very little informa-
tion as to whether or not current design practices eliminate the
need to assess the fatigue properties at low temperatures, espe-
cially for maritime and offshore structures that are operating in
arctic conditions. For the material at hand, the T27J value may be
un-conservative in predicting the FDBT by as much as 18 �C.
However, if this material were being used in a maritime or offshore
application, it would more likely be assessed against the T46J tem-
perature, which appears to be close to the FDBT. Depending on the
specific Charpy requirements and the uncertainty in our data, it is
possible that this material could meet Charpy requirements yet
enter service below the FDBT. However, this is not perceived to
be a large risk. A key reason for this is that the LAST in itself tends
to be an anomaly, e.g. occurring once per year or less in the coldest
area in which the structure is to operate. Furthermore, unlike frac-
ture, fatigue is a cumulative effect. For example, if a structure did
operate below its FDBT for one day per year and accumulated dam-
age at five times the normal rate for that day, then that would
result in only a 1.1% increase in its damage, giving a negligible
reduction in its service life. (This could be compared to the conse-
quences of a fracture happening on the one day per year when the
temperature is extremely low). While the risk of lower-shelf fati-
gue is not seen as high, it should still be avoided. Considering that
many sources confirm that the FDBT is below the FATT and that
this is consistent with our own data, we recommend that low-tem-
perature fatigue testing be considered in the event that the FATT is
above the LAST. An alternative suggested by the analysis in this
study would be to confirm that a Charpy test that is 18 �C lower
than LAST has a Charpy impact value greater than 27 J. This study
only surveys a single base material. We believe that these results
are of great importance for unwelded structures and can provide
preliminary insight into welded structures. However, we would
recommend that more materials, including both welds and base
materials, should be considered in the future. Welds can be of par-
ticular interest because they represent sites at which fatigue is
known to initiate. In line with the recommendation of including
welds, higher R ratios, which would be more representative of
the presence of residual welding stresses, should be considered
in future studies.
6. Conclusions

The Paris regime and threshold stress intensity range (DKth)
have been measured for S460 structural grade base plate material
at several temperatures. These results support the conclusions
found in the literature that the fatigue crack growth rate decreases
with lower temperatures until the FDBT, and then it increases
again. Contrary to other sources which are based primarily on Ni
steels, it appears that temperatures below the FDBT only cause a
modest increase in DKth. From this data set, it would appear that
the FDBT is approximately 36 �C higher than T0 and approximately
18 �C higher than the T27J, thus in the lower portion of the fracture
ductile to brittle transition. While the temperatures considered in
this paper were relatively low compared to atmospheric air tem-
peratures, this may point to a problem in arctic application of
steels for welds or other steels that present higher ductile to brittle
transition temperatures. It appears that requirements that the
Charpy impact value is greater than 10% of the yield strength
may not be sufficient to screen against materials operating below
the FDBT, but sufficient evidence is not yet available. It is recom-
mended that low-temperature fatigue tests be performed for
materials that are operated below the FATT or have a Charpy
impact value less than 27 J at a temperature 18 �C below the LAST.
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