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ABSTRACT

Normalization method is a practical method for determining the J-R curves and fracture
toughness of steels. There is some concern, however, about the performance of this method on
steels with small strain hardening exponent and yield strength due mainly to the assumption of
infinite strain hardening exponent (7). This paper intends to analytically modify the
normalization method by removing this assumption and incorporating the strain hardening in
calculating the blunting corrected crack length. This modification enables the normalization
method to be applied to steels with small strain hardening exponent and yield strength.
Experiments are undertaken to prove the underperformance of the normalization method for
steels with small strain hardening exponent and yield strength and to verify the modified
normalization method (CNM). A comparison of fracture toughness determined by CNM with
that by the unloading compliance method and normalization method corroborates the improved
accuracy of the developed CNM. It is found in the paper that the developed CNM performs
very well for materials with small strain hardening exponent and yield strength and performs
better for specimens with smaller thickness and in accordance with all standards. The paper
concludes that the developed CNM overcomes the deficiency of the normalization method for

steels with small strain hardening exponent and yield strength.
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Normalization method; Fracture toughness; J-resistance curve; Strain hardening exponent;

Blunting corrected crack length.
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Nomenclature

a, = initial crack length

ap; = blunting corrected crack length at the ith loading point

Appni = strain hardening corrected blunting crack length

B = specimen thickness

d, = dimensionless constant

E =Young’s modulus

J = J-integral

Jo.2 = fracture toughness determined in accordance with BS 7448-4:1997

Jo.2sL = fracture toughness determined in accordance with ISO 12135:2016 (E)

Jic = fracture toughness determined in accordance with ASTM E1820-18

n = strain hardening exponent

Py; = i normalized load

P,,.= strain hardening corrected i normalized load

W = specimen width

a = dimensionless constant in Ramberg-Osgood equation

Aa, ,, = difference in crack length corresponding to Jo..
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Aa,,= blunted crack advance

Aa, . = difference in crack length because of the » infinity assumption

6; = crack tip opening displacement (CTOD)

1p1 = plastic geometry factor

o, = reference stress that is usually equal to the yield strength (o, = gys)

& = 0o/E

oTs = ultimate tensile strength

oy = effective yield strength

oys = yield strength

Abbreviations

CMOD crack mouth opening displacement

CNM blunting crack length corrected normalization method
J-R J-integral-resistance

NM normalization method

pP-v load-CMOD

SE(B) single edge notched specimen

ucC unloading compliance method
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1. INTRODUCTION

Fracture toughness represents the ability of a material to resist fracture. It is an important
mechanical property of metals used in engineering design and failure assessment of metal
structures. Fracture toughness is usually determined through laboratory tests. However, tests on
fracture toughness can be difficult because of the difficulty in measuring the crack extension in
specimens. A most widely used and reliable method for determining the crack extension is the
unloading compliance (UC) method proposed by Clarke et al. [1]. This method has been
adopted by various standards, such as ASTM E1820 [2], BS 7448-4 [3] and ISO 12135[4]. The
principle of the UC method is to relate the crack extension to the compliance of the specimen.
However, tests with the unloading-reloading process of the UC method are tedious and time-
consuming, compared with the monotonic loading tests. It is also difficult to apply unloading-
reloading in harsh conditions, such as high loading rate, high temperature, corrosion, or other
aggressive environments. As such, a normalization method (NM) was developed by Herrera

and Landes [5], based on the key-curve method [6] and the principle of load separation [7-10].

The normalization method (NM) directly uses the monotonic load-displacement or load-crack
mouth opening displacement (CMOD) record to determine the J-Resistance (J-R) curve for the
specimen without the unloading-reloading process [11-14]. In NM, a calibration function needs
to be established to determine the instantaneous crack length corresponding to the load and
displacement test data. Various forms of calibration functions have been developed. Herrera
and Landes [5] proposed a power-law calibration function in 1988. The calibration function is
described in terms of two separated parts of elastic and plastic displacements. The relationship
between the plastic part of the displacement and load is expressed in terms of a power function
with constant coefficients and exponent [7-9]. Herrera and Landes [5] applied the power-law

calibration function to various types of steel and found that it worked well.
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In 1990, Herrera and Landes [11] found that the developed power-law calibration function did
not work well for materials whose stress-strain relationship does not follow a power law, such
as 304 stainless steel. They then developed a combined calibration function of power-law and
straight line instead of the single power-law calibration function. After being applied to a
variety of materials, the developed combined calibration function was verified [11]. In the
meantime, Orange [12] and Landes et al. [14] developed a three-parameter LMN function. This
new form of the function contains three unknown fitting constants (L, M, N), which can be
determined for all specimen geometries, based on the work of Sharobeam and Landes [10].
After being applied to various types of steels, such as A508 steel and HSLA steel, the J-R curve
determined using the LMN function agrees well with that using the unloading compliance
method. With further improvement, the three-parameter LMN function was finally incorporated
in the ASTM E1820-18 Annex 15 [2] as the calibration function of the normalization method.
The normalization method was also verified by Scibetta et al. [15] in 2006 using numerical
simulations, and with different materials, including steels [16-18], alloys [19] and polymers
[20-24]. Furthermore, Dubey et al. [25] successfully used the normalization method to
determine the fracture toughness of un-irradiated Zircaloy-2 pressure tubes under different

temperatures.

The performance in terms of accuracy of the normalization method (NM) for a range of steels
has been investigated by various researchers with different specimens materials [26-33]. They
used UC as the benchmark to evaluate the performance of NM because UC is popular and
usually assumed to be reliable. Their test results show that a large difference exists in fracture
toughness as determined by UC and NM. For example, Dzugan and Viehrig [26] showed that
the difference in fracture toughness of SFA steel between these two methods can be as large as
17%. Zhu and Joyce [27] found that the deviation in the mean fracture toughness of HY 80 steel

with 12 specimens, as determined by UC and NM, was around 10%. For HSLA steel, Menezes



111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

et al. [32] found that the average difference in fracture toughness Jic with 2 specimens obtained

by UC and NM was 9%.

An examination of test results in these references [26-33] shows that the degree of difference
in fracture toughness depends on the mechanical properties of the tested materials. For SUS
316L steel, A285 carbon steel, and THS steel, the J-R curves and fracture toughness determined
by the normalization method, the unloading compliance method and the electric potential
method are almost identical [26, 29, 32]. However, for 10CrMo09-10 steel, HY80 steel, X80
pipeline steel and HSLA steel, the J-R curves and fracture toughness determined by the
normalization method show noticeable deviation from those by the unloading compliance
method [26-28, 32]. The degree of differences for different seels raises concerns about the
accuracy of the normalization method, which may cause problems in practices, in particular, in
structural design and safety assessment. This concern gives rise to the need to investigate the
underlying factors that affect the accuracy of the normalization method, based on which a new

or improved method can be developed.

Gao et al. [33] conducted a series of tests on fracture toughness with different types of steel.
They observed that the performance or accuracy of the normalization method (NM) depends
on the mechanical properties of the material. The J-R curves and fracture toughness of steels
with small strain hardening exponent and yield strength, such as G250 steel, can be
underestimated by NM. This underestimation is mainly attributed to the assumption in NM that
the strain hardening exponent (n) is infinity in calculating the blunting corrected crack length
(ap;). As strain hardening exponent is not infinity for most steels if not all, it is therefore
necessary to incorporate the strain hardening in the normalization method. This is particularly
necessary for steels with small strain hardening exponent and yield strength, such as G250 steel.

It is with this regard that the present paper is in order.
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The intention of this paper is to analytically modify the normalization method by incorporating
the strain hardening in calculating the blunting corrected crack length (a;). This modification
enables the normalization method to be applied to steels with small strain hardening exponent
and yield strength. The modified method is hereafter referred to as blunting crack length
corrected normalization method, donated as CNM. Experiments were undertaken to prove that
the mechanical properties of steel do affect the performance of the normalization method, and
to verify the accuracy of the developed CNM. The fracture toughness determined by CNM
following different standards is compared with that determined by UC and NM, and the results
show the improved accuracy of the normalization method after it is corrected. The factors that

affect the performance of the developed CNM are also investigated.

2. THE MODIFIED NORMALIZATION METHOD

A core advantage of the normalization method is that it can estimate the crack length without
the unloading-reloading process during the test. Originally, the normalization method (NM)
directly uses the load vs. load-line displacement (LLD) curve together with the final crack
length to determine the J-R curve. However, because the measurement of LLD is less accurate
and more difficult due to such factors as specimen load point indentions, transducer mounting
difficulties and load train deflections or a combination of these factors [34], more accurate
measurement of crack mouth opening displacement (CMOD) becomes desirable in NM. As a
result, a load vs. CMOD (P-V) curve to determine J-R curves has been accepted. Scibetta et al.
[15] used numerical simulations to prove that all equations of the LLD-based NM are still valid
when load vs. CMOD curves were used. They found that the difference in Jic determined by
LLD and CMOD with the same equations was less than +2%. In addition, their simulation

results were almost identical to the test results carried out by Lucon et al. [35]. Thus, the load
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vs. CMOD curves have been verified for NM and used by a number of researchers to achieve

their research objectives [32, 33, 36-38].

In normalization method, the following procedure is used to determine the crack extension
according to ASTM E1820 Annex 15 [2]. At first, each load P; in the range from 0 to the

maximum load (excluding the maximum load) is normalized using the following expression [2]

P = (1)

where Py; is the normalized load and i refers to the i loading; W is the specimen width; B is

the specimen thickness; 7, is a plastic geometry factor that is given in ASTM E1820 Annex 1

[2] if CMOD is used for three-point bending specimens; and a;; is the blunting corrected crack

length at the /" loading point, given as follows
ap; = Ao + Aay; (2)
where a, is the initial crack length and Aa,; is the blunted crack advance.

The blunting corrected crack length (a;;) is a key parameter in the normalization method, but
the equation for calculating the blunted crack advance, Aay,;, is different in different standards.

In ASTM E1820 [2], Aa,; is determined as follows

Aa, =L (3)
20

Y

and in BS 7448-4 [3], Aa,,; is determined as follows

Aa, =2 )
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where J; is the J-integral, oy is the effective yield strength, which is taken as the average of

yield strength (gyg) and ultimate tensile strength (ors).

In addition to the above two equations for Aa,;, another equation was presented in Zhou et al.
[13]. Zhou et al. [13] are the first to propose the assumed artificial blunting behaviour and
blunting corrected crack length equation to improve the accuracy of the normalization method.

In Zhou et al. [13], the blunted crack advance Aa,; is determined as follows

Aa,, = i or Aa,, = /i (5)
Oy 20y

It can be seen that these three equations are all different in determining Aay;. Therefore, it is

necessary to revisit the original definition of Aa,,; to develop an accurate equation for it. Landes

and Begley [39] shown a stretch zone between the initial crack tip and the point of material

separation. The stretch zone is formed by the crack tip blunting, the length of which, denoted

as Aa,, , is shown in Fig. 1.

Figure 1 Blunted crack length (a,; = ay + Aay;) [40]

The length of this stretch zone is approximated to be half of the crack tip opening displacement

(6;) with §; ~ i Moreover, Anderson [40] and Landes [41] also suggested that Aa,, = % , as

Oys

shown in Fig. 1.

Landes and Begley [39] proposed that gy is used to calculate the length of stretch zone and
20y was chosen as the slope of blunting line. In ASTM E1820 and many other literatures [14,
26-30], oy is used for determining the blunted crack advance Aay;. As stated in Landes and
Begley [39], the purpose of the blunting line is to determine fracture toughness, Ji, not the

blunting corrected crack length a;;. The value of Aa,,; shall still be equal to half of crack tip

9
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opening displacement (i.e., %). Anderson [40] suggested that gyg should be used instead of

oy to calculate 5, and Aay;. Therefore, the blunting corrected crack length a;,; can be

calculated accurately according to [39-41] as follows

a, =a,+ % (6a)

Moreover, according to Anderson [40] and Shih [42], the crack tip opening displacement

(CTOD) 0; can be determined as follows

5, =" (6b)

where oy, is the reference stress that is usually equal to the yield strength (i.e., o, = oyg); d» 1s
a dimensionless constant that was firstly proposed by Shih in 1981 [42] to correlate J-integral
with CTOD. Fig. 2 shows how d, is determined for both plane stress and strain conditions,
when o = 1, where o is a dimensionless constant of Ramberg-Osgood material model [43],

expressed as follows

£_9 42 (6¢)
& Oy Oy
where €y = gy/E and n is the strain hardening exponent. When a # 1, d, determined in Fig. 2

should be multiplied by o'/,

It should be noted that there are two definitions for strain hardening exponent, which are almost
reciprocal. As the HRR theory is developed using the Ramberg-Osgood equation i.e., Eq. (6¢)
[40]. The strain hardening exponent used in this study is based on the Ramberg-Osgood

equation with n > 1. It also should be noted that Eq. (6b) is based on the HRR theory which

10
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does not account for large geometry changes at the crack tip. The stresses predicted by the HRR
theory seems inaccurate for » <2 § (r is the distance to the crack tip). Shih [42] used the HRR
theory to determine the displacements well within the large strain region [40] which then were
verified by the finite element analyses. The results in Shih [42] show that the relationship
between J-integral and CTOD for the large strain region is in general agreement with Eq. (6b).
Thus the displacement fields predicted from the HRR theory are reasonably accurate, despite
the large plastic strains at the crack tip [40]. As such, dy is valid for the deformation behavior

of metallic materials used in this study.

Figure 2 Value of d,, for plane stress (a) and plane strain (b) conditions with a=1 [40, 42]

It can be seen from Fig. 2 that d, highly depends on the strain hardening exponent (#), and
moderately depends on the ratio of a,/E. For plane strain condition, d, is approximately 0.78
for non-hardening material (n = o). If d, = 1, it is for an assumption of non-hardening material
(n = o) in the plane-stress condition [40]. It can also be seen from Fig. 2 that if strain hardening
exponent is assumed to be infinity, the effect of yield stress on d, is also eliminated. Clearly,
for strain hardening materials, the parameter d, should be determined by both strain hardening
exponent (n) and yield strength (g,/E) of the material. Although d, has been proposed for a
while [37], it has not been employed to correct the blunted crack advance (Aa,;), which can

improve the accuracy of the normalization method.

The equation for determining blunting corrected crack length a;; used in ASTM E1820 and
many other literatures (see references above) is under the assumption of d, = 1 for both
hardening and non-hardening materials, which results in an overestimation of a;; for hardening
materials, whose d, is 0 < d, < 1 [33]. Therefore, the parameter d,, should be included in the
equation in determining the blunting corrected crack length a,;. To achieve this, it is proposed

in this paper that Eq. (2) be modified as follows

11
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dJ.
Apni = Qg + 2! (7)
20y

where ap,,; is the strain hardening corrected blunting crack length and the second term is based
on Egs. (6a) and (6b). As Young’s modulus (£) is almost constant for steels, d, decreases with
the decrease of strain hardening exponent and yield strength, as shown in Fig.2. From Eq. (7),
the blunting corrected crack length a;; increases with the decrease of d,. Thus, it is more
necessary to modify Eq. (2) with d, for materials with smaller strain hardening exponent and

yield strength.
With Eq. (7), Eq. (1) can be modified as follows

P
Py = ’ ®)

My
WB (1 _ “b]
W

where P, is the strain hardening corrected /™ normalized load. Since the proposed correction

is on blunting crack length as shown in Eq. (7), the modified normalization method is referred

to as a blunting crack length corrected normalization method, denoted as CNM in this paper.

It should also be noted that according to ASTM E1820 A15 [2], the final crack extension of
specimens is limited to 4 mm or 0.15(W — a,) when NM is used but this limit is usually not
followed by researchers [13, 26,27, 29, 32, 33]. There is difficulty in complying with this crack
extension limit in some studies for a number of reasons [33]. For example, test results from
Dzugan and Viehrig [26] indicated that exceeding the crack extension limit did not cause
extensive errors for CT and SE(B) specimens by the normalization method. Test results from

Gao et al. [38] concurred this argument. Thus, in this study, the crack extension limit was also

12
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not followed in obtaining the full J-R curves, as did by many other researchers [5, 11, 14, 32,

33,36-38, 44].

3. EXPERIMENT

To verify the performance of the developed CNM, a series of tests for different steels in a total
of 12 specimens were carried out to obtain the J-R curves and fracture toughness. Since the
strain hardening corrected blunting crack length a,,; largely depends on material properties,

the grade of steel was selected as the test variable.

3.1 Test Specimen

Three types of commonly used Australian structural steel were tested for their fracture
toughness: Weldox 700, G350 and G250. The same steels were also used in Gao et al. [33] for
different purposes there. The strain hardening exponent and yield strength of these three types
of steel cover a wide range. The mechanical properties of the specimens are taken from [33] as
shown in Table 1. The true stress-strain curves can be seen in [33] and hence are not shown
here. It should be noted that the strain hardening level is inversely proportional to the strain

hardening exponent.

Table 1 Mechanical properties of test materials [33]

The specimens for three-point bending tests were cut from 16 mm and 10 mm thickness steel
plates, with the dimensions of 160 mm % 32 mm X 16 mm and 100 mm x 20 mm % 10 mm. Six
tests were carried out for each thickness of the specimen. These specimens were pre-cracked
by fatigue loading according to ASTM E1820 [2], and then were side grooved to the thickness

reduction of 20%. The initial crack lengths were all in the range of 0.45 to 0.7 W and the radius

13
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of the side-grooved tip was around 0.65 mm following ASTM E1820. The configurations of
three-point bending specimens are shown in Fig. 3.

Figure 3 Specimens for three-point bending tests (mm): (a) 16 mm thickness; (b) 10 mm
thickness

3.2 Test Method

Table 2 shows the revised equations for calculating the strain hardening corrected blunting
crack length a;,;, based on d, in Fig. 2 [40, 42]. Two specimens were tested for each type of
steel with a certain thickness and numbered as 01 and 02. All tests were carried out under quasi-
static loading conditions under room temperature. The load-CMOD curves for the three-point
bending G250 16 mm specimen 01 with unloading-reloading cycles are shown in Fig. 4 as an
example. The load-CMOD curves of other specimens are similar and thus not repeated here.
The data used for the normalization method are taken from the envelope curves of the unloading

compliance experiments.

Table 2 4, and a,,; for different materials

Figure 4 Load-CMOD records for three-point bending G250 16 mm specimen 01

After the tests, all specimens were heat tinted under 300°C for 30 minutes. They were then

refrigerated and broken in accordance with ASTM E1820 [2]. The final crack length of a
specimen was measured with a digital imaging tool following the nine-point average method
recommended in BS 7448-4 [3]. Fig. 5 shows the typical fracture surfaces of 16 mm and 10
mm SE(B) specimens for each type of steel. As can be seen, at the crack tips of these specimens,
nearly straight lines are formed along the crack front for all specimens. When the straight lines

are formed along the crack front, the tested fracture toughness is referred to as plane strain

14
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fracture toughness [40]. Side-groove can eliminate the shear fracture part and provides an
accurate measure of the resistance of the specimen to flat fracture, achieving the plane strain
fracture toughness [40]. Fig. 5 confirms the plane strain conditions for crack growth in
specimens. Therefore, Fig. 2(b) is used to determine d, in this paper.

Figure 5 Typical fracture surfaces of specimens: (a) Weldox700, (b) G350, (¢) G250. (major
unit 10 mm)

3.3 Analysis of Test Results

The normalized load vs normalized plastic crack mouth opening displacement (CMOD) curves
were obtained from the load-CMOD records. Figs. 6-7 show the typical curves obtained by NM
and CNM for 16 mm specimen 01 of each steel. For other specimens of each steel, similar
curves were also obtained and thus not repeated here. The final physical crack length was
measured from the fracture surface and was used, together with the final load, to determine the
anchor point. Subsequently, regression was performed to determine the coefficients a, b, ¢, and

d of Eq. (A15.5) in ASTM E1820 A15 [2].

Figure 6 Normalized load vs normalized plastic CMOD curves for: (a) Weldox700 16 mm

specimen 01; (b) G350 16 mm specimen 01

Figure 7 Normalized load vs normalized plastic CMOD curves for G250 16 mm specimen 01

With the determined a, b, ¢, and d, an iterative procedure was carried out to determine the crack
length a; for each load Pi. Then based on a;, the J-integral and J-R curves were obtained by
Eq. (1) and Eq. (8) respectively for the normalization method (NM) and the developed CNM.
For Weldox700 and G350, the regression curves obtained by NM and CNM are nearly identical,

as can be seen from Figs. 6(a) and 6(b), resulting in almost the same coefficients a, b, ¢, and d.
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and hence identical J-R curves. Therefore, the modification for the blunting corrected crack
length a;; is not necessary for Weldox700 and G350 steels as NM is accurate for these
materials. On the other hand, the regression curves obtained by NM and CNM are sharply
different for G250 steel, as can be seen from Fig. 7, indicating the necessity to modify the

blunting corrected crack length a;; as proposed above.

The J-R curves obtained from the specimens by the unloading compliance method (UC) and
normalization method (NM) are shown in Fig. 8-9, where ‘UC 1’ and ‘NM 1’ denote the J-R
curve obtained for specimen 01 by UC and NM, respectively, while ‘UC 2’ and ‘NM 2’ are for
specimen 02. The straight lines are 0.2 mm offset lines recommended by different standards for
determining fracture toughness. The fracture toughness of the tested SE(B) specimens was
obtained following ASTM E1820 [2], ISO 12135 [4] and BS 7448-4 [3], as presented in Table

3.

Table 3 Fracture toughness of Weldox700 and G350 steels

Figure 8 J-R curves of Weldox700 specimens using unloading compliance and normalization
methods (a) 16 mm; (b) 10 mm

Figure 9 J-R curves of G350 16mm specimens using unloading compliance and
normalization methods (a) 16 mm; (b) 10 mm

However, for G250, the regression curves obtained by NM and CNM are different, resulting in
different coefficients a, b, ¢, and d, and hence different J-R curves for each method.
Modification of blunting corrected crack length a,; does affect the J-R curve of G250 steel. Fig.
10 presents the J-R curves obtained from two 16 mm specimens by UC, NM and CNM for two
G250 specimens as denoted by ‘UC’, ‘NM’ and ‘CNM’. The CNM is also applied to the G250
10 mm specimens to investigate its performance on different sizes of specimens with the same

material. The obtained J-R curves are shown in Fig. 11. From Figs. 10-11 it can be seen that
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the J-R curves determined by UC and CNM are almost identical when the crack extension is
smaller than 0.2 mm. Otherwise, the J-R curves determined by UC and NM are noticeably
different, especially for 16 mm thickness specimens. The J-R curve determined by CNM is
closer to that determined by UC than that by NM.

Figure 10 J-R curves of G250 16 mm specimen 01 and 02 using unloading compliance
method (UC), normalization method (NM) and corrected normalization method (CNM): (a)
G250 16 mm specimen 01; (b) G250 16 mm specimen 02
Figure 11 J-R curves of G250 10 mm specimen 01 and 02 using unloading compliance

method (UC), normalization method (NM) and corrected normalization method (CNM): (a)
G250 10 mm specimen 01; (b) G250 10 mm specimen 02

Since the method for fracture toughness recommended in ISO 12135 is the same as that in Jo.2sL
method in BS 7448-4, ISO 12135 is used for further discussion in this paper to avoid confusion
of these two methods. The deviation in fracture toughness as determined by UC, NM and CNM
in accordance with different standards is shown in Table 4. It can be found that the deviation
between UC and CNM is smaller than that between UC and NM for all G250 specimens and
by all standards. This effectively verifies that CNM can provide more accurate results than NM

for materials with small strain hardening exponent and yield strength, such as G250 steel.

It is also found from Table 3 and 4 that the difference in fracture toughness as determined by
UC and NM is smaller for steels with large strain hardening exponent and yield strength, such
as, Weldox700 steel, than for steels with small strain hardening exponent and yield strength,
such as, G250 steel. This again vindicates the need to modify the normalization method to allow
for the effect of mechanical properties, namely strain hardening exponent and yield strength,
on fracture toughness.

Table 4 Fracture toughness of G250 following different standards: (a) ASTM E1820; (b) ISO
12135; (c) BS 7448-4
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3.4 Verification of CNM

It has been proved above that CNM performs better than NM, but it should be noted from Figs.
10-11 that difference in J-R curves between UC and CNM still exists after the blunting crack
length is corrected. This difference is attributed to the intrinsic error in UC not in CNM. UC is
used as benchmark because it is the best available method. More specifically, the difference is
because of the considerable deformation of the specimens in the later stage of loading. This
large deformation causes the thickening of the specimen (in the transverse direction) during the
tests [38]. For example, it can be seen from Fig. 5(c) that the thickness of the remaining part of
the specimen after the test is larger than its original thickness by about 20% because of the
plastic swelling in the transverse direction. This will lead to an underestimation of the real
thickness (B) of the specimen and, consequently, the over-estimation of the depth of the
remaining part for the same value of compliance. As a result, the final crack length is
underestimated by the UC method [38], which leads to a disagreement between UC and CNM.

The underestimation of crack length by UC also can be theoretically explained as follows.
According to ASTM E1820-18 [2], the crack length can be determined by

a; = [0.999748 — 3.9504u + 2.9821u? — 3.21408u> + 51.51564u* — 113.031u°] x W 9)

where W is the specimen width and u can be determined as follows

1 (10)

[4W%Be(,‘i]°'5 1

in which C; is the elastic compliance of the specimen and C; = (%), V; is the i" CMOD, P; is

(B-By)?

i"load, B, = B — and By is the net thickness.
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Once the crack lengths are determined, the corresponding J-integral can be calculated, and then
the J-R curve can be obtained. The J-integral corresponding to the instantaneous crack length

a; can be calculated by following equations in ASTM E1820-18 [2].

For UC, the crack length at an arbitrary point (P;, V;) on the P-V curve is determined from Egs.
(9) and (10). After the specimen starts to thicken due to the crack extension, the stiffness of the
specimen increases. This means that larger increment in load (AP;) is required to produce the
corresponding increment in CMOD (AV;). Thus, at an arbitrary point on the P-V curve (P;, V;),
the elastic compliance after thickening (C;r) is smaller than the non-thickening one (C;). From
Egs. (9) and (10) it can be seen that the crack length after thickening (a;) corresponding to this
point (P;, V;) is smaller than the crack length without thickening (a;), i.e., a;t < a;. As a result,
the crack length is underestimated in UC [38]. In other words, although the unloading-reloading
P-V curves can be obtained accurately with the advanced digital program, the calculation

procedures of UC cannot determine the crack length as accurately as the proposed CNM.

Moreover, the thickening is larger for materials with lower yield strength, for which the plastic
deformation is more easily to occur, and the test results shown in [33, 38] suggest that
thickening increases with the decrease of yield strength of the material. Therefore, the
underestimation of crack length in UC increases with the decrease of yield strength of the

material.

Also, the underestimation of crack length by UC increases with the crack extension. This
underestimation leads to a more elevated J-R curve (higher in the vertical axis) for the UC
method, especially for materials with small strain hardening exponent and yield strength.
However, when the crack extension is small, the plastic deformation was small and such
thickening did not occur. In other words, there should be no overestimation of thickness and
hence no underestimation of crack length by the UC method when the crack extension is small.
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Therefore, for the small crack extension, the J-R curves determined using UC and CNM nearly

identical, which has been proved in Figs. 10-11.

As the underestimation of crack extension does not occur in cases of small crack extension, the
crack extension corresponding to Jo» determined by the UC method is accurate. As a result, the
underestimation of the final crack length does not affect the accuracy of Jo» determined by the
UC method. Thus, the Jo» determined by UC is correct. As shown in Table 4(c), nearly identical
Jo2 (mean difference of 5.8% of the four tested specimens) is obtained by UC to that by the
developed CNM, which again verifies the accuracy of the developed CNM. Moreover, it can
also be seen from Figs.10-11 that the crack extensions at the early stage for both UC and CNM
match very well because of the modification of blunting crack length, which further verifies the

accuracy of the developed CNM.

When the crack extension increases, the underestimation of crack length by the unloading
compliance (UC) method becomes increasingly prominent, and the J-R curve determined by
UC becomes increasingly higher than the supposedly accurate J-R curve. Thus, the difference
in Jo2pL and Jic as determined by UC and CNM exists because the corresponding crack
extension is not small. For example, when the crack extensions of the 4 tested G250 steel
specimens corresponding to Jic are all larger than 1.6 mm, which is much larger than 0.2 mm,
the Jic determined by UC for G250 steel is overestimated. Therefore, the differences between
JozsL and Jic determined by UC and CNM are caused by the underestimation of the crack

extension by UC rather than due to the performance of the developed CNM.

For the comparison between NM and CNM, the crack length (a;) is determined through an
iterative procedure using the measured final crack length and a regression curve. The elastic
compliance (Cy;) used in NM and CNM for determining the crack length (a;) is expressed as

follows
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where Cy; is the specimen elastic compliance of CMOD at crack length a,;, S is the span, a,;
is blunting corrected crack length and oy is the effective yield strength. It can be seen from Eq.
(11) that Cy; is calculated based on a;;. The calculation procedure in NM and CNM is almost
not influenced by the specimen thickening. Therefore, the crack length determined using NM
and CNM is almost not influenced by the large plastic deformation of the specimen. The infinity
assumption of strain hardening exponent causes the NM not to performs well for small crack
extensions, as explained above. However, such caused errors decrease with the crack extension

and become not important for large crack extensions as shown in Figs. 10-11.

Thus, the developed CNM is verified theoretically and experimentally above. It can be
established that the UC is correct for small crack extension and the NM is correct for the large
crack extension. CNM agrees with UC for the small crack extension and with NM for the large
crack extension. Therefore, the developed CNM is accurate for both large and small crack

extensions and performs better than UC and NM.
4. DISCUSSION
4.1 Mechanical Properties of Materials

The accuracy of the developed CNM directly depends on the mechanical properties of materials,
in particular, strain hardening exponent and yield strength. The effectiveness of blunting crack
length correction is directly proportional to the difference between the blunting corrected crack

length aj,; and the strain hardening corrected blunting crack length ay,;, i.e., Aa,,. There is no

agreed equation for determining a;; in the normalization method (NM), and the most
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commonly used equations of a;; are Eq. (2) and (3). However, as it has been explained in
Section 2 ayg should be used instead of gy to calculate Aay,;. It is thus reasonable to modify Eq.

(2) of ay; as follows

a, =a,+—— (12)

It should be noted that Eq. (12) is the closest form of a;; compared with a;,;. Thus, if the
agreement in fracture toughness between UC and CNM is closer than that between UC and NM
by using equation (12), the CNM will perform better than NM for all other forms of equations

for ay;.

From Egs. (7) and (12), the overestimation of crack length (Aq,,;) because of the assumption

of infinite n can be calculated as:

J.(1-d
P Ay = . (13)
2\ oy

It can be seen that Ag, ,is influenced by Ji, o, and d, . The difference in J-R curves

Aa,, =a,

determined by NM and CNM is proportional to Aa, .. Thus, the performance of the developed

CNM is also proportional to the magnitude of Aq, . To ensure the magnitude of Ag, ,is large

enough, either J; or ( . J cannot be too small. For Jj, it is proportional to the area under the
Oys

P-CMOD curve, 4;. The area 4; depends on the mechanical properties of the material and the
geometry of the specimen. As both a;; and a,,; are obtained from the same specimen, the

influence of geometry can be ignored, which means 4; and J; only depend on the mechanical
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properties of the material. As A4; is a variable, it is reasonable to use the critical value of 4;

corresponding to the fracture toughness to quantify the effect of Jion Aq, ..

Menezes et al. [32] indicated that Jo» method is the best one to determine initiation fracture
toughness. Moreover, as Jic and Jo2pL are affected by the yield strength [33], Jo2 is used to

represent fracture toughness to avoid double counting of the yield strength on Aa, .. Therefore,

Jican be represented by the fracture toughness (Jo.2), and the overestimation of the crack length
corresponding to Jo2 can be represented by the difference in crack length corresponding to Jo 2,

ie., Ag,,,- Ford,, it depends on n and gyg of the steel (£ is almost the same), but the strain
hardening exponent n plays a major role in determining d, as shown in Fig. 2. The effect of
oys 1s relatively small. Therefore, the magnitude of Ag,,, depends on the mechanical

properties of the material only, such as Jo2, n, and oys, and the performance of CNM is

influenced by Aaq,,, .

The experimental results in Table 5 confirm that the performance of CNM depends on the

: . : : Do Jo, [ 1-d
difference in crack length corresponding to Joa, i.e., Aq,,,, which is Aa,, = ﬁ[—”} as

Oyg

listed in Table 5 for the tested materials. For Weldox700, the strain hardening exponent is large
(9.94), resulting in a relatively large value of d, (0.59). Although the fracture toughness (Jo.2)

is not small (301 kJ/m?), a small value of Aq,,,(0.08 mm) is obtained, due to a large yield

strength (774MPa). For G350, the fracture toughness (Jy.2) is small (146 kJ/m?). Although the
strain hardening exponent and yield strength are not large (5.76 and 438 MPa, respectively),

the value of Aq,,, is also small (0.075 mm). When Aq,,, is small, the regression curves

corrected by the blunting crack length are nearly identical with the non-corrected ones,

according to Fig. 8-9, which means the correction for these materials is not necessary, and the
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normalization method performs well for these materials. Table 3 shows that the deviation in Jo.2
(column 4) between using UC and NM is small (less than 10%). Therefore, the blunting crack

length correction for a;; is not necessary for materials with small value of Aq,,,, such as

Weldox700 and G350.

Table 5 Values of Aq,,,

For G250, it has a relatively small strain hardening exponent (4.7), a low yield strength (302
MPa), and a large fracture toughness (Jo2 = 423 kJ/m?), resulting in a relatively large value of

Aa,,,(0.41 mm). From Figs. 10-11, it can be seen that the difference between the J-R curves

as determined by UC and CNM is smaller than that determined by UC and NM when the crack
extension is smaller than 0.2 mm, which is critical for determining fracture toughness (Jo2). As
illustrated in Table 4, the deviation in fracture toughness as determined by UC and CNM for
both sizes of specimens is smaller than that determined by UC and NM following all standards.
It is clear that the developed CNM increases the accuracy of fracture toughness for tested

materials with a large value of Aq,,, .

4.2 Other Factors

Other factors that affect the accuracy of the developed CNM include the specimen thickness,
ratio of initial crack length to width of the specimen (ao/W) and the construction line used to
determine the fracture toughness. Specimens with different thickness (10 mm and 16 mm) and
ao/W (from 0.51 to 0.67) were used in the tests. It can be seen from Table 4 that the agreement
between UC and CNM is closer than that between UC and NM for all G250 specimens,
regardless of the difference in thickness and a¢/W. It can also be seen from Table 4 that, when
the average ao/W of G250 10 mm specimens is almost equal to that of 16 mm specimens, the

deviation between UC and NM or UC and CNM increases with the specimen thickness. This is
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because of the more prominent plastic deformation for thicker specimens. The agreement
between UC and CNM also increases with the increase of ao/W for 16 mm specimens, but this
trend cannot be found for 10 mm specimens. Therefore, the performance of CNM is influenced
by the thickness of the specimens. It appears that more experiments are necessary to investigate

the effect of ao/W further.

From Tables 3 and 4, it can be seen that different values of fracture toughness are determined
for the same material with different construction lines prescribed in standards. The slope of
construction lines used to determine fracture toughness is 2oy, 3.750rs and infinite for ASTM
E1820, ISO 12135 and BS 7448-4 Jo» method, respectively. All these lines are not related to
the strain hardening property of the material. The crack extension corresponding to the fracture
toughness increases with the decrease of the construction line slope. Therefore, the difference
in fracture toughness determined by UC and CNM is the smallest following BS 7448-4 Jo.
method, while the largest difference is from ASEM E1820. According to Table 4(c), for CNM,
the tested fracture toughness is nearly the same as that determined using UC if Jo.» method is
used following BS 7448-4, meaning that the performance of CNM is much better than that of
NM. If the slope of the construction line is 3.7507ts as per [ISO 12135, the performance of CNM
is still much better than that of NM for all G250 specimens, as shown in Table 4(b). When the
slope of the construction line is 2oy, the difference in the tested fracture toughness between
using UC and CNM is the largest, as shown in Table 4(a). This is because the crack extension
is underestimated by the UC method, as explained above. Therefore, the developed CNM

performs better than NM following all standards, with the BS 7448-4 Jo» method the best.

5. CONCLUSIONS

In this paper, the normalization method has been analytically modified by incorporating the

strain hardening in calculating the blunting corrected crack length. Experiments have been
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undertaken to prove the underperformance of the normalization method for steels with small
strain hardening and yield strength and to verify the modified normalization method (CNM). A
comparison of fracture toughness determined by CNM with that by the unloading compliance
method (UC) and the normalization method (NM) also corroborates the improved accuracy of
the developed CNM. It has been found in the paper that the difference in J-integral as
determined by the UC method and the developed CNM increases with the increase of crack
extension and that the increasing underestimation of crack extension by UC is the main cause
for the deviation in fracture toughness Jo.2pL and Jic as determined by UC and CNM. It has also
been found that the developed CNM performs very well for materials with small strain
hardening exponent and yield strength and performs better for specimens with smaller thickness
and in accordance with all standards. Whilst it is acknowledged that more experiments are
useful to further verify the accuracy of the developed CNM, it can be concluded that the
developed CNM has overcome the deficiency of the normalization method for steels with small

strain hardening exponent and yield strength.
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Table 1 Mechanical properties of test materials

Material | E (GPa) | ovs (MPa) | ors (MPa) | oy (MPa) | n o
Weldox 700 198 774 849 812 9.94 | 1.48
G350 203 438 522 480 5.76 | 10.8
G250 209 301 454 378 4.70 | 8.27
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Table 2 d, and ay,; for different materials

Material O-% % a’ | d,(plane strain) ap;
J.
Weldox 700 | 0.0039 | 0.08 | 1.03 0.59 Qi = @ + 0.59] —1—
20y
J.
G350 | 0.0022 | 0.17 | 1.51 0.55 Qi = @ + 0.55] —1—
20y
J.
G250 | 0.0015 | 0.21 | 1.56 0.42 Qi = @y + 0.42] —1—
20y
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785

786
787 Table 3 Fracture toughness of Weldox700 and G350 steels
ASTM E1820-18 (Jic; kJ/m2) ISO 12135:2016 (E) (Jo.2s1; kJ/m?) BS 7448-4:1997 (Jo.2; kI/m?)
Specimen
ucC NM Deviation (%) uc NM Deviation (%) ucC NM Deviation (%)
16mm
W700 01 699 604 13.59 585 524 10.43 272 246 9.56
15.47 8.05 6.84
16mm 605 500 17.36 459 433 5.66 291 279 4.12
W700 02 ) ) )
33;?)?01 642 567 11.68 551 506 8.17 351 333 5.13
Tomm 8.93 7.97 6.18
W700 02 566 531 6.18 515 475 7.77 318 295 7.23
16mm
G350 01 223 186 16.59 183 166 9.29 143 138 3.50
20.96 15.00 10.14
16mm 225 168 25.33 198 157 20.71 149 124 16.78
G350 02 ) ) )
10mm
G350 01 216 169 21.76 181 155 14.36 146 132 9.59
Tomm 19.02 14.25 9.86
G350 02 215 180 16.28 184 158 14.13 148 133 10.14
788
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791
792
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Table 4 Fracture toughness of G250 following different standards:

(a) ASTM E1820
) ASTM E1820-18 (Ji; kJ/m?)
Specimen ag/W
UC | NM | Deviation (%) | UC | CNM | Deviation (%)
l6mm G250 01 | 0.67 | 1138 | 886 | 22.14 1138 | 941 | 17.31
29.91 24.16
l6mm G250 02 | 0.51 | 1680 | 1047 | 37.68 1680 | 1159 | 31.01
10mm G250 01 | 0.56 | 1219 | 903 | 25.92 1219 | 960 | 21.25
25.74 16.14
10mm G250 02 | 0.61 | 1233 | 918 | 25.55 1233 | 1097 | 11.03
(b) ISO 12135
ISO 12135:2016 (E) (Jo2sL; kJ/m?)
Specimen ag/W
UC | NM | Deviation (%) | UC | CNM | Deviation (%)
l6mm G250 01 | 0.67 | 854 | 559 | 34.54 854 | 681 | 20.26
35.58 22.67
l6mm G250 02 | 0.51 | 897 | 579 | 35.45 897 | 672 | 25.08
10mm G250 01 | 0.56 | 810 | 639 | 21.11 810 | 735 9.26
16.64 6.96
10mm G250 02 | 0.61 | 814 | 715 | 12.16 814 | 776 | 4.67
(c) BS 7448-4
. BS 7448-4:1997 (Jo2; kJ/m?)
Specimen ag/W
UC | NM | Deviation (%) | UC | CNM | Deviation (%)
16mm G250 01 | 0.67 | 489 | 331 | 32.31 489 | 456 6.75
32.82 7.20
16mm G250 02 | 0.51 | 366 | 244 | 33.33 366 | 394 7.65
10mm G250 01 | 0.56 | 407 | 344 | 15.48 16,18 407 | 399 1.97 aal
10mm G250 02 | 0.61 | 379 | 315 | 1689 | | 379 | 353 | 686 |
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Table 5 Values of Aq,,,

Material | Average Joo(UC, kI/m?) | d, | oys (MPa) | Adozp =Jo2(1-d»)/(20ys) (mm)
Weldox 700 301 0.59 774 0.08
G350 146 0.55 438 0.075
G250 423 0.42 301 0.41
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