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A B S T R A C T   

Fatigue crack growth thresholds for ferritic steels and aluminum alloys in flaw evaluation doc
uments are reviewed. The WRC (Welding Research Council) Bulletin, ASME (American Society of 
Mechanical Engineers) Code Section VIII, IIW (International Institute of Welding) and BS (British 
Standards) 7910 give constant fatigue crack growth threshold values at negative stress ratios. 
However, the definitions of the thresholds at negative stress ratios are different between these 
flaw evaluation documents. From fatigue crack growth tests and collection of fatigue crack 
growth threshold data, the thresholds are affected by compressive stresses. It can be said that the 
thresholds at negative stress ratios are not constant. Therefore, the thresholds given by the WRC 
Bulletin, ASME Section VIII and IIW are slightly un-conservative. The threshold given by BS 7910 
is considerably conservative. A suitable definition of the threshold at negative stress ratios for 
application in flaw evaluation procedures is proposed as the variable threshold expressed by full 
range of stress intensity factors.   

1. Introduction 

It is well known that fatigue crack growth rate da/dN is expressed by stress intensity factor range ΔKI, and the relationship between 
da/dN and ΔKI is used for reference fatigue crack growth rate curves applied in flaw evaluation procedures such as fitness-for-service 
codes [1–3]. 

Fatigue crack growth (FCG) thresholds ΔKth are the stress intensity factor range ΔKI values below which fatigue crack growth rates 
da/dN are negligible. The thresholds of fatigue crack growth rates are important in order to determine whether detected defects 
propagate or not. FCG thresholds for many materials were published as a data book for practical engineering applications [4]. The 
thresholds are also employed in several flaw evaluation documents, such as the Welding Research Council (WRC) Bulletin [5], 
American Society of Mechanical Engineers (ASME) Code Section VIII [6] and Section XI [7], International Institute of Welding (IIW) 
[8] and British Standards (BS) 7910 [9]. 

Fatigue crack growth thresholds ΔKth are difficult to obtain by experiments, because it takes a long time to determine whether the 
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crack is growing or not. Almost all FCG thresholds for metals have been determined under cyclic tensile-tensile loading, which cor
responds to positive stress ratios. There are many literatures on the relationship between FCG thresholds at positive stress ratios [10 
–13]. In the range of positive stress ratios, most of materials show apparently linear increase in FCG thresholds with deceasing stress 
ratios [14 –16]. Compared with the values determined under tensile-tensile loading, there are not sufficient data on FCG thresholds 
determined under cyclic tensile-compressive loading, equal to negative stress ratios. In the range of negative stress ratios, the rela
tionship between FCG thresholds and stress ratios shows constant values or decrease with decreasing stress ratio [17]. It was not easy 
to determine thresholds at negative stress ratio without sufficient data. The WRC Bulletin, ASME Section VIII, IIW and BS 7910 provide 
constant FCG thresholds for ferritic steels and aluminum alloys at negative stress ratios. ASME Section XI provides a constant FCG 
threshold for ferritic steels. 

Fatigue crack growth tests for many steels and aluminum alloys at positive and negative stress ratios in an air environment have 
been performed by Usami, one of the authors [18]. FCG thresholds for ferritic steels and aluminum alloys have been recently proposed 
for wide range of stress ratios [19–21]. However, these flaw evaluation documents on FCG thresholds at negative stress ratios differ 
with the author’s proposal. Besides, the definitions of the thresholds at negative stress ratios are found to be different between these 
documents. 

This paper reviewed the thresholds for ferritic steels and aluminum alloys at negative stress ratios provided by the WRC Bulletin, 
ASME Section VIII, IIW and BS 7910. From fatigue crack growth tests and collection of FCG thresholds, it is shown that a suitable 
definition of the threshold at negative stress ratios for application in flaw evaluation procedures is the variable threshold expressed by 
full range of stress intensity factors. 

2. Definitions of FCG thresholds at negative stress ratios R 

Experimental data on FCG thresholds for ferritic steels and aluminum alloys gathered from the 1970s to the 2000s was employed 
the WRC Bulletin 194 [5], ASME Code Section VIII [6], IIW [8] and BS 7910 [9]. During that period there were not enough data on FCG 
thresholds at negative R. 

According to the 2001 edition of ASTM E 647 [22], fatigue crack growth rate da/dN is expressed by a function of the stress intensity 
factor range ΔKI, and the growth rate da/dN depends on the applied stress ratio R, where the stress ratio is given by R = σmin/σmax =

Kmin/Kmax are the minimum and maximum cyclic stresses, and Kmin and Kmax are the minimum and maximum stress intensity factors. 
The stress intensity factor range ΔKI is expressed by 

ΔKI = Kmax − Kmin for 0 ≤ R, and
ΔKI = Kmax for R < 0 (1) 

When the stress ratio is 0 ≤ R, the fatigue crack growth rate da/dN depends on the range of the stress intensity factor Kmax − Kmin. 
When the stress ratio is negative (R < 0), the stress intensity factor range ΔKI = Kmax − 0. This is because applied compressive stress 
does not contribute to the crack growth parameter. ASTM E 647 notes that it is conventional to use only the positive portion of the 
stress range to calculate the crack growth force. It can be inferred that the definition of the thresholds given in the WRC Bulletin, ASME 
Section VIII and IIW use Eq. (1). 

Note that in the 2015 edition of ASTM E 647, an alternative definition is given for the full stress intensity factor range Kmax − Kmin for 
all stress ratios R, because it is beneficial to compare fatigue crack growth rates for R ≤ 0 and R > 0 conditions and to understand the 
effect of compressive stress on fatigue crack growth rates. 

Nomenclature 

da/dN cyclic crack growth rate 
Kmax maximum stress intensity factor 
Kmax− th maximum stress intensity factor threshold 
Kmin minimum stress intensity factor 
Kop crack opening stress intensity factor 
R stress ratio (= σmin/σmax = Kmin/Kmax)

U crack opening stress ratio
(
=

(
Kmax − Kop

)/
(Kmax − Kmin)

)

ΔKI stress intensity factor range 
ΔKeff effective stress intensity factor range (= U∙ΔKI) 
ΔKth fatigue crack growth threshold 
ΔKth0 fatigue crack growth threshold at R = 0 
σmax maximum applied stress 
σmin minimum applied stress  
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3. FCG thresholds given in flaw evaluation documents 

3.1. Thresholds for ferritic steels in flaw evaluation documents 

Fatigue crack growth thresholds ΔKth given in the WRC Bulletin 194 [5], ASME Code Section VIII [6], IIW [8] and BS 7910 [9] for 
ferritic steels in an air environment are illustrated in Fig. 1. ASME Code Section XI [7] also gives similar FCG thresholds to the WRC 
Bulletin. The thresholds of Section XI are currently under discussion at the Working Group of the ASME Section XI Code Committee, 
and the revised thresholds will be published in the near future. The thresholds given by Section XI are therefore excluded from this 
paper for reasons of brevity. 

The FCG thresholds given in the WRC Bulletin, ASME Code Section VIII, IIW and BS 7910 are expressed by a function of stress ratio 
R, as shown in Fig. 1. When the stress ratio R is negative, σmin is a compressive stress and Kmin becomes a negative value. 

The WRC Bulletin 194 gives FCG thresholds for mild, low-alloy and austenitic stainless steels as follows: 

ΔKth = 6.4(1 − 0.85R), ksi
̅̅̅̅
in

√
. = 7.0(1 − 0.85R),MPa

̅̅̅̅
m

√
for 0.1 < R < 1.0, and

ΔKth = 5.5, ksi
̅̅̅̅̅̅
in.

√
= 6.0,MPa

̅̅̅̅
m

√
for R ≤ 0.1.

(2) 

The threshold ΔKth increases with decreasing stress ratio R. When R < 0.1, ΔKth is given by a constant value, as shown in Fig. 1. 
The ASME Code Section VIII gives thresholds for ferritic steels for entire ranges of stress ratios R. For high strength low alloy steels 

when yield stress 630 MPa is exceeded and for martensitic precipitation hardening steels, ΔKth is given as lesser than 7.0(1 − 0.85R) or 
6.0, and not lesser than 2.2 MPa

̅̅̅̅
m

√
. This is the same equation as Eq. (2). 

The IIW Commission gives thresholds ΔKth in units of MPa
̅̅̅̅
m

√
for ferritic steels at room temperature. ΔKth for ferritic steels is given 

as follows: 

ΔKth = 2.0 for 0.5 ≤ R,
ΔKth = 5.4 − 6.8R for 0 ≤ R < 0.5, and
ΔKth = 5.4 for R < 0.

(3) 

For elevated temperatures other than room temperature or for metallic materials other than steel, ΔKth may be determined by 
ΔKth = ΔKth,steel∙(E/Esteel), where ΔKth,steel is given by Eq. (3) and E is the modulus of elasticity at elevated temperature or for the metallic 
materials. Esteel is the modulus of elasticity for steels at room temperature. The threshold ΔKth for ferritic steels is a constant value for R 
< 0. 

BS 7910 gives recommended fatigue crack growth thresholds for steels (excluding austenitic steels) and aluminum alloys for 
assessing welded joints and unwelded components. For unwelded steels (excluding austenitic steels) in air and with cathodic pro
tection in marine environments at temperatures up to 20 ◦C, the thresholds ΔKth given by BS 7910 are the same as in Eq. (3). 

Table 1 shows the FCG thresholds for ferritic steels given in the WRC Bulletin 194, ASME Code Section VIII, IIW and BS 7910. The 
values of the FCG thresholds are almost the same in all these flaw evaluation documents. 

3.2. Thresholds for aluminum alloys in flaw evaluation documents 

Fatigue crack growth thresholds ΔKth for aluminum alloys given by ASME Section VIII, IIW and BS 7910 are depicted in Fig. 2. The 
thresholds are expressed for an entire range of stress ratios R. 

FCG thresholds ΔKth for aluminum alloys provided by ASME Section VIII are expressed as “lesser 2.34(1 − NA∙R) or 2.01 MPa
̅̅̅̅
m

√
, 

but needed not to be less than 0.73 MPa
̅̅̅̅
m

√
, where NA means not available”. This is expressed as 
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Fig. 1. Fatigue crack growth thresholds for ferritic steels provided by the WRC Bulletin, ASME Section VIII, IIW and BS 7910.  
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ΔKth = min(2.34(1 − NA∙R), 2.01 ), and
ΔKth ≥ 0.73MPa

̅̅̅̅
m

√ (4) 

Therefore, ΔKth for aluminum alloys given by ASME Section VIII is between 0.73 (lower) and 2.01 MPa
̅̅̅̅
m

√
(upper), as shown in 

Fig. 2. 
The threshold ΔKth in units of MPa

̅̅̅̅
m

√
for aluminum alloys given by IIW is as follows: 

ΔKth = 0.7 for 0.5 ≤ R,
ΔKth = 1.8 − 2.3R for 0 ≤ R < 0.5, and
ΔKth = 1.8 for R < 0.

(5) 

The threshold ΔKth for aluminum alloys is also a constant value at R < 0. Fig. 2 depicts the threshold for aluminum alloys given by 
IIW. 

For welded joint aluminum alloys, the threshold in air or non-aggressive environments at temperatures up to 20 ◦C is given by BS 
7910, as follows: 

ΔKth = 0.7 for all R, (6)  

where the threshold in units of MPa
̅̅̅̅
m

√
for aluminum alloys is a constant value at both positive and negative stress ratios. 

Fatigue crack growth thresholds for aluminum alloys are tabulated in Table 1. Compared with FCG thresholds for ferritic steels, the 
FCG thresholds for aluminum alloys differ among these flaw evaluation documents. IIW gives a large FCG threshold and BS 7910 gives 
a small FCG threshold. ASME Section VIII does not give precise FCG thresholds, but the maximum value of the threshold is close to that 
given by IIW and the minimum value of the threshold is close to that given by BS 7910. 

3.3. Definitions of FCG thresholds in flaw evaluation documents 

The FCG threshold given by the WRC Bulletin is well known, and it is important since the three flaw evaluation documents being 
reviewed. The WRC Bulletin does not define the ΔKth for negative stress ratios. It appears that the FCG threshold at negative stress 

Table 1 
Fatigue crack growth thresholds for ferritic steels and aluminum alloys given in flaw evaluation documents.  

Flaw Evaluation Document ΔKth, MPa√m  Definition of ΔKth  

Ferritic steel Aluminum 

WRC Bulletin 194 7.0(1–0.85R) for 0.1 < R < 1.0 
6.0 for R ≤ 0.1 

– Kmax** 

ASME Code Sec. VIII Lesser 7.0(1.0–0.85R) or 6.0 
But not less than 2.2 

min(2.34(1 - NA*∙R, 2.01) 
and ≥ 0.73 

Kmax** 

IIW Commission 2.0 for 0.5 ≤ R 
5.4–6.8R for 0 ≤ R < 0.5 
5.4 for R < 0 

0.7 for 0.5 ≤ R 
1.8–2.3R for 0 ≤ R < 0.5 
1.8 for R < 0 

Kmax** 

BS 7910 2.0 for 0.5 ≤ R 
5.4–6.8R for 0 ≤ R < 0.5 
5.4 for R < 0 

0.7 for all R Kmax - Kmin 

Note: *NA means Not Available, ** The authors have predicted the threshold definition because the definition is not stipulated in the documents. 
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Fig. 2. Fatigue crack growth thresholds for aluminum alloys provided by ASME Section VIII, IIW and BS 7910.  
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ratios is expressed by Kmax, estimated from the original paper [17]. Although ASME Section VIII likewise does not stipulate the 
definition of ΔKth at R < 0, ΔKth is deemed to be Kmax only. This is because the threshold is the same equation as that in the WRC 
Bulletin. The IIW Commission document does not give the definition of the FCG threshold at R < 0. The threshold at R < 0 is inferred to 
be Kmax only. 

BS 7910 stipulates the definition of the FCG threshold. The requirement stipulated in BS 7910 (in the chapter “Assessment for 
Fatigue”) is to “use full stress range regardless of applied stress ratio (R)”. The full stress range means σmax − σmin, which corresponds to 
Kmax − Kmin. The definition of the threshold ΔKth for R < 0 is ΔKth = Kmax − Kmin. 

Table 1 shows the definitions of ΔKth for the WRC Bulletin, ASME Code Section VIII, IIW and BS 7910. The definitions of the 
thresholds for R < 0 take two forms: ΔKth = Kmax or ΔKth = Kmax − Kmin. The expression by either ΔKth = Kmax or ΔKth = Kmax − Kmin is 
significantly different from the results of actual flaw evaluation analyses. 

4. FCG threshold tests and thresholds based on data collection 

4.1. FCG threshold test at negative stress ratios 

In order to clarify the expression of FCG thresholds at R = 0 and R < 0, fatigue crack growth tests for ferritic steels and aluminum 
alloys performed by Usami have reviewed [18,23]. The test was conducted using a Vibrophore fatigue testing machine (100 kN load 
capacity) in air at ambient temperature. In accordance with ASTM E-647, the definition of ΔKth is given as that which corresponds to a 
fatigue crack growth rate of 10-7mm/cycle [22]. Fatigue crack growth rates da/dN and fatigue thresholds ΔKth were taken by using flat 
plate tension specimens with through-wall center cracks. Fatigue crack growth rates were acquired by decreasing the load amplitude 
until crack growth was not observed. In order to avoid the effect of plastic zones at crack tips on FCG thresholds, the ratio of decrease of 
the load amplitude complied with ASTM E-647. The effect of load history on FCG thresholds is considered to be small because the 
specimens employed were center cracked flat plate tension specimens. The thresholds were determined after 2 × 107 cycles by a 
microscope at 50× magnification with a minimum scale of division of 0.02 mm. 

The materials employed were ferritic steels and aluminum alloys. There were four steels: JIS (Japan Industrial Standards) SM 410 
(class 410 rolled steel for welded structures), JIS HT 800 (class 800 high tensile strength steel), A533-B (low-alloy steel weldments), 
and JIS FC 200 (gray cast iron). The mechanical properties of these steels and the geometries of the center cracked flat plate specimens 
are shown in Table 2. The aluminum alloys used in the tests were JIS A1100-0 (with 99.7% aluminum) and JIS AC4A-T6 cast 
aluminum. The mechanical properties and the geometries of the specimens for aluminum alloys are tabulated in Table 3. 

Fatigue crack growth rates da/dN versus stress intensity factor range ΔKI for ferritic steels and aluminum alloys were obtained for 
wide ranges of positive and negative stress ratios. Figs. 3 and 4 show da/dN versus ΔKI at only R = 0 and R < 0, for the purposes of 
brevity. The definition of the stress intensity factor range is ΔKI = Kmax − Kmin for R = 0 and for R < 0. When R = 0, the stress intensity 
factor range becomes ΔKI = Kmax, because of Kmin = 0. As can be seen in Figs. 3 and 4, fatigue crack growth rates da/dN for ferritic 
steels and aluminum alloys decrease with decreasing stress ratios R, and the thresholds ΔKth increase with decreasing stress ratios R. It 
is obvious that ΔKth are not constant at R < 0. The thresholds ΔKth for ferritic steels and aluminum alloys obtained from Figs. 3 and 4 
are tabulated in Table 4. 

4.2. Fatigue thresholds based on data collection 

Hasegawa, et al. had proposed FCG thresholds ΔKth for ferritic steels and aluminum alloys at a wide range of stress ratios R, based 
on data collection from a literature survey. Fig. 5 shows the thresholds ΔKth as a function of stress ratio R. 

For ferritic steels [21], 

ΔKth = 5.5(1 − 0.8R) for R < 0.8, and
ΔKth = 2.0 for 0.8 ≤ R < 1.0. (7) 

For aluminum alloys [20], 

ΔKth = 1.7 − R for all R, (8)  

Table 2 
Mechanical properties and test conditions for ferritic steels.  

Ferritic steel Mechanical properties Test specimen and conditions 

σy, MPa  σu, MPa  δ, % ϕ, % W, mm t, mm 2a, mm f, Hz 

SM 410 270 446 41.9 69.8 100 5 25.0 120 
HT 800 804 859 25.9 67.9 70 5 17.6 120 
A533-B weld 484 586 33.1 73.4 70 5 17.6 120 
FC200 cast 180 240 0.6 – 70 5 15.0 120 

Note: σy= yield stress, σu= ultimate tensile strength, δ = elongation, ϕ = reduction of area, W = specimen width, t = specimen wall thickness, 2a =
initial total notch length, f = load frequency. 
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Table 3 
Mechanical properties and test conditions for aluminum alloys.  

Aluminum alloy Mechanical properties Test specimen and conditions 

σy, MPa  σu, MPa  δ, % W, mm t, mm 2a, mm f, Hz 

A1100-0, 99.7% Al 31 113 28.0 100 6 15.0 120 
AC4A-T6, Al-Si cast – 225 0.1 70 5 17.6 120 

Note: σy= yield stress, σu= ultimate tensile strength, δ = elongation, W = specimen width, t = specimen wall thickness, 2a = initial total notch length, 
f = load frequency. 
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Fig. 3. Fatigue crack growth rates at R = 0 and R < 0 for ferritic steels in air at room temperature.  

1.E-09

1.E-08

1.E-07

1.E-06

1.E-05

1.E-04

1 10

da
/d

N,
 m

m
/c

yc
le

∆KI (= Kmax - Kmin), MPa√m

Al alloy     R=0    R=-1   R=-2
AC4A-T6
A1100-0

505
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where ΔKth is expressed by stress intensity factor range Kmax − Kmin. The applicable ferritic steels for Eq. (7) are mild steels, cast steel 
and high tensile strength steels, except maraging steels. Aluminum alloys for Eq. (8) are high purity aluminum, cast aluminum, 2xxx 
and 7xxx series. Experimental threshold data for ferritic steels and aluminum alloys shown in Figs. 3 and 4 are plotted in Fig. 5 for 
references. 

As shown in Fig. 5, the thresholds ΔKth for ferritic steels and aluminum alloys increase with decreasing stress ratio R. The trend of 
thresholds ΔKth at R < 0 differs from the trends given by the flaw evaluation documents. 

5. Effect of compressive stress on FCG thresholds 

FCG thresholds ΔKth can be expressed by maximum stress intensity factors Kmax using stress ratios R, where Kmax at the threshold is 
replaced to give Kmax− th. The WRC Bulletin, ASME Section VIII and IIW give constant thresholds ΔKth at negative stress ratios R, and 
these definitions at negative stress ratios are ΔKth = Kmax, as mentioned above. Therefore, Kmax− th for R < 0 are equal to ΔKth at R = 0. 
Figs. 6 and 7 show Kmax− th for ferritic steels and aluminum alloys, respectively. Maximum stress intensity factor thresholds Kmax− th 
given by the WRC Bulletin, ASME Section VIII and IIW are constant at R < 0. 

BS 7910 also gives constant thresholds ΔKth = 5.38 MPa
̅̅̅̅
m

√
for ferritic steels and ΔKth = 0.7 MPa

̅̅̅̅
m

√
for aluminum alloys at R < 0, 

as shown in Eqs. (3) and (6). In accordance with BS 7910, ΔKth is given by Kmax − Kmin, which is equal to Kmax − RKmax. Therefore, the 
thresholds are expressed as (1 − R)Kmax = 5.38 for ferric steels and (1 − R)Kmax = 0.7 for aluminum alloys, when R < 0. Then, Kmax− th 
are expressed by 

Kmax− th = 5.38/(1 − R) for ferritic steels, and (9)  

Kmax− th = 0.7/(1 − R) for aluminum alloys. (10) 

Eqs. (9) and (10) are depicted in Figs. 6 and 7. The maximum stress intensity factor thresholds Kmax− th significantly decrease with 
decreasing stress ratios R. 

Thresholds ΔKth determined by the fatigue test data and collection of fatigue thresholds are variable values at negative stress ratios, 
as shown in Eqs. (7) and (8). ΔKth is expressed by Kmax − Kmin at R < 0. Therefore, the maximum stress intensity factor thresholds Kmax− th 

Table 4 
Test results for fatigue thresholds ΔKth, Kmax− th and ratio Kmax− th/ΔKth0 for ferritic steels and aluminum alloys.  

Materials Stress ratio R ΔKth, MPa√m  Kmax− th, MPa√m  Kmax− th/ΔKth0  

Ferritic steels SM 410 0 8.8 8.8 1.0 
− 1 15.0 7.5 0.85 

HT 800 0 6.3 6.3 1.0 
− 1 12.0 6.0 0.95 

A533-B weld 0 6.4 6.4 1.0 
− 1 11.0 5.5 0.86 
− 5 27.5 4.6 0.72 

FC 200 cast 0 5.6 5.6 1.0 
− 1 11.2 5.6 1.0 

Aluminum alloys A1100-0, 99.7% Al 0 1.9 1.9 1.0 
− 1 3.2 1.6 0.84 

AC4A-T6, Al-Si cast 0 2.5 2.5 1.0 
− 1 4.8 2.4 0.96 
− 2 7.0 2.3 0.92  

0

5

10

15

20

25

30

-5 -4 -3 -2 -1 0 1

∆K
th

( =
 K

m
ax

-K
m

in
), 

M
Pa
√m

Stress ratio, R

Ferritic steel : 
∆Kth = 5.5(1 - 0.8R)

Aluminum alloy : 
∆Kth = 1.7 - R

Ferritic
SM410
HT 80
A533B
FC200

Aluminum
AC4A-T6
A1100-0

Fig. 5. Fatigue crack growth thresholds for ferritic steels and aluminum alloys based on collection of experimental data [20,21].  
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are also given by 

Kmax− th = 5.5(1 − 0.8R)/(1 − R) for ferritic steels, and (11)  

Kmax− th = (1.7 − R)/(1 − R) for aluminum alloys. (12) 

The relationship between Kmax− th and R for ferritic steels and aluminum alloys are shown in Figs. 6 and 7, respectively. 
It is shown that the value of Kmax− th at R < 0 differs significantly from the values determined via either ΔKth = Kmax − Kmin or ΔKth =

0
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Fig. 6. Maximum stress intensity factor thresholds Kmax− th for ferritic steels given by the WRC Bulletin, ASME Code Section VIII, IIW and BS 7910.  

0

0.5

1

1.5

2

2.5

3

-3 -2 -1 0 1

K m
ax

-th
, M

Pa
√m

Stress ratio, R

Aluminum alloys

BS 7910

IIW

ASME Sec VIII (upper)

ASME Sec VIII (lower)

Eq. (12)

Fig. 7. Maximum stress intensity factor thresholds Kmax− th for aluminum alloys given by the ASME Code Section VIII, IIW and BS 7910.  
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Kmax, and from the values given by either constant or variable ΔKth. 
From the values of Kmax− th and R as shown in Figs. 6 and 7, Kmax− th are normalized by ΔKth0, where ΔKth0 is the threshold at R = 0. 

The normalized Kmax− th/ΔKth0 can be seen the effect of compressive stress for ferritic steels and aluminum alloys, together. Fig. 8 
illustrates the ratio Kmax− th/ΔKth0 as per the WRC Bulletin, ASME Section VIII, IIW, BS 7910 and the proposed thresholds based on test 
data. 

The ratios Kmax− th/ΔKth0 as per the WRC Bulletin, ASME Section VIII and IIW are constant at 1.0, irrespective of materials, because 
ΔKth = Kmax = constsnt at all negative ratios R. Kmax− th are not affected by compressive stresses, even when the compressive stresses are 
large. 

The definition of the threshold in BS 7910 is expressed by Kmax − Kmin = constant, and the Kmax is expressed by Eqs. (9) and (10) for 
ferritic steels and aluminum alloys. As ΔKth0 = 5.38 MPa

̅̅̅̅
m

√
for ferritic steels and ΔKth0 = 0.7 MPa

̅̅̅̅
m

√
for aluminum alloys, the ratio 

Kmax− th/ΔKth0 as per BS 7910 is easily obtained by 

Kmax− th/ΔKth0 = 1/(1 − R) (13) 

The ratio Kmax− th/ΔKth0 denoted as per BS 7910 is also irrespective of materials. The ratio Kmax− th/ΔKth0 significantly decreases with 
decreasing stress ratio R, as shown in Fig. 8. This means that Kmax− th is significantly affected by cyclic compressive stress. 

The ratios Kmax− th/ΔKth0 as per the fatigue thresholds based on test data are obtained by Eqs. (11) and (12), whereΔKth0 = 5.5 
MPa

̅̅̅̅
m

√
for ferritic steels and ΔKth0 = 1.7 MPa

̅̅̅̅
m

√
for aluminum alloys. 

Kmax− th/ΔKth0 = (1 − 0.8R)/(1 − R) for ferritic steels, and (14)  

Kmax− th/ΔKth0 = (1.7 − R)/(1.7(1 − R)) for aluminum alloys. (15) 

As can be seen in Fig. 8, Kmax− th/ΔKth0 decreases slowly with decreasing R. Kmax− th is gradually affected by compressive stress. 
Table 4 shows the maximum stress intensity factor thresholds Kmax− th and the ratios Kmax− th/ΔKth0 for ferritic steels and aluminum 

alloys obtained by Figs. 3 and 4. The ratios Kmax− th/ΔKth0 are plotted in Fig. 8. All data are <1.0, except for FC 200 cast steels. The 
results for Kmax− th suggest that Kmax− th are affected by cyclic compressive stresses. 

6. Discussions on thresholds in flaw evaluation procedures 

Fatigue crack growth rates da/dN are well explained by effective stress intensity factor range ΔKeff , where ΔKeff is given by 
Kmax − Kop and Kop is the crack opening stress intensity factor [24–26]. ΔKeff represents the stress intensity factor range while the crack 
tip is opening by applied cyclic loading. ΔKeff is given as ΔKeff = U× ΔKI, where U is the crack opening stress ratio expressed by U =
(
Kmax − Kop

)/
(Kmax − Kmin). There are several proposals of the crack opening stress ratios [27–32]. Fatigue thresholds were also 

expressed by the effective stress intensity factor range ΔKeff [33]. ΔKeff at thresholds for ferritic steels were normally obtained by 
compact tension specimens, center cracked flat plate specimens, single edge crack tension specimens, etc. ΔKeff at thresholds are 
expressed as constant values at positive stress ratios [34]. 

From a perspective of practical application, the expression of ΔKeff at thresholds is not convenient for engineers. This is because 
actual plant components are not simple geometries and defects for evaluations are surface/subsurface cracks with various aspect 
ratios. Besides, the crack opening stress ratios U depend on materials, applied stress [28], stress ratio R [35], etc. It is difficult to 
measure Kop for complex geometry components with surface/subsurface cracks and to use crack opening stress ratios U. Therefore, 
fatigue thresholds expressed byΔKeff are inconvenient at flaw evaluation, when engineers encounter problems of trouble shooting. 
They can easily obtain Kmax and Kmin from stress intensity factor handbooks [36,37], codes and standards [3,7,38] and/or FEM (finite 
element method) analyses for components with defects. Fatigue thresholds expressed by only Kmax and Kmin are useful for flaw 
evaluations, instead of ΔKeff . 

From fatigue thresholds obtained by the fatigue tests and the collection of thresholds data, it is apparent that the thresholds 
expressed by Kmax are affected by cyclic compressive stresses. That is, the thresholds decrease with decreasing compressive stresses. 
However, fatigue crack growth thresholds ΔKth given by the WRC Bulletin, ASME Section VIII, IIW and BS 7910 are constant, as 
mentioned above. The definition of ΔKth for these flaw evaluation documents is either Kmax or Kmax − Kmin. It can be said that the 
thresholds expressed by Kmax for the WRC Bulletin, ASME Section VIII and the IIW are not affected by compressive stresses and they are 
slightly un-conservative. Thresholds expressed by Kmax − Kmin for BS 7910 are strongly affected by compressive stresses and the 
thresholds are considerably conservative. 

From the perspective of application in flaw evaluation procedures, the definition of thresholds at negative stress ratios can suitably 
be written using variable threshold values with Kmax − Kmin, because fatigue tests are conducted on testing machines by pre-setting the 
values σmax and σmin, so the tests proceed within this interval. A suitable definition of the threshold ΔKth at negative stress ratio for 
application in flaw evaluation procedures is a variable threshold expressed by full range of stress intensity factor. 

7. Conclusions 

Fatigue thresholds ΔKth for ferritic steels and aluminum alloys given in the WRC Bulletin, ASME Section VIII, IIW and BS 7910 are 
constant values at negative stress ratio R. However, there are two types of definitions of ΔKth: Kmax in the WRC Bulletin, ASME Section 
VIII and IIW, and Kmax − Kmin in BS 7910. 
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From the review of fatigue tests and collection of threshold data, it was found that the thresholds expressed by Kmax − Kmin increase 
with decreasing stress ratio R, and the thresholds expressed by Kmax decrease with decreasing stress ratio R. Maximum stress intensity 
factor thresholds Kmax− th are affected by cyclic compressive stress. ΔKth expressed by either Kmax − Kmin or Kmax are not constant at 
negative stress ratios. Therefore, the thresholds given in the WRC Bulletin, ASME Section VIII and IIW are slightly un-conservative. The 
thresholds given in BS 7910 are considerably conservative. It is concluded that a suitable way of expressing the thresholds at negative 
stress ratios for application in flaw evaluation procedures is to use variable thresholds ΔKth expressed by Kmax − Kmin. 
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