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Abstract

Parameters of EPFM are used as relevant parameters in structural integrity assessments.
In this research, the fracture toughness of armoured steel was determined. The resulting
resistance curves and Kjjc obtained according to the ASTM E1820 standard with normaliza-
tion, compliance and multi-specimen methods were compared. Also, the Kjc was verified
according to the ASTM E399 standard as the most precise method for obtaining the Kjc,
which also requires a lot of knowledge. For the experiment, the multi-specimen method was
used, which is the most expensive and most accurate method, where the least assumption
and crack size is measured on the specimen. A fractographic analysis was also presented,
and this heat-treated high-strength steel, which is used for anti-ballistic protection, was
fully characterized.

Keywords: Protac 500; fracture mechanics; Kjic; resistant curves

1. Introduction

Fracture mechanics deals with the analysis of stresses and deformations around the
crack as well as the determination of the values of the parameters that define the critical
states [1]. It is divided into linear-elastic LEFM and elastic—plastic EPFM fracture mechanics.
In LEFM, the material’s resistance to cracks is expressed by the critical value of the Kjc
factor, also called the fracture toughness during plane deformation. Fracture toughness is
an important material property and characterizes the material’s ability to resist fracture [2].
When using LEFM, one should keep in mind the limitations set by the standard during
experimental testing, and the primary limitation is a relatively small plastic deformation
zone compared to the dimensions of the component and the size of the crack [3]. Since
a large zone of plastic deformation develops around the tip of a crack in most structural
materials, elastic—plastic fracture mechanics is used to analyse the plastic behaviour of
materials with a crack. The EPFM parameters are crack tip opening displacement 6 and
the critical value of the J-integral, which are the main parameters on which the fracture
control is based [4—6]. In order to determine the critical value of the J-integral and the crack
tip opening displacement J, the ASTM E1820 standard [7] was adopted. According to the
standard, there are several ways to consider the material’s plasticity in the assessment of
structural integrity, which boil down to the application of the crack tip opening and the
J-integral as relevant parameters of elastic—plastic fracture mechanics. Also, it should be
used as a fracture criterion when the fracture is preceded by a larger plastic deformation of
the material at the top of the crack [8,9].
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As with all types of steel and anti-ballistic steels, which have high strength, fracture
toughness is very important when assessing structural integrity [10]. One of the similar
tests in this area involving armoured and high-strength steel was carried out on the material
Armox 500T and on a welded joint. The behaviour of dynamic toughness with three distinct
assessment techniques was evaluated and compared [11]. In one of the papers [12] on the
topic of Protac 500, a combination of experimental and numerical tests was carried out,
where the parameters of the material were determined for the Johnson-Cook strength and
fracture model. However, the most used methods for steels are the normalization method
and the compliance method. The normalization method is the most practical method, but
there is also a need to assess its accuracy [13]. Various scientists have been involved in
comparing these two methods on different configurations and specimens’ thicknesses as
well as on different material strengths. The comparison of these two methods and the
impact on the different results is explained in the article by Hui Gao et al. [13]. Table 1
shows a review of work comparing these two methods.

Table 1. Materials on which the normalization method and compliance method were compared [13].

Ultimate Tensile Strength

Material R, (MPa) Literatures
Weldox 700 849 Gao et al. 2019 [2], Gao et al. 2021 [14]
10Crmo9-10-D 846 Dzugan and Wiehrig 2004 [15]
SFA 608 Dzugan and Wiehrig 2004 [15]
HYS80 735 Zhu and Joyce 2007 [16]
HSLA 500 Menezes et al. 2018 [17]

Recently, anti-ballistic and high-strength steels have become a very common subject
of the testing and determination of fracture toughness and resistance curves. The aim
of this work is to clarify the examination of fracture mechanics with an initiated crack
as the most dangerous fault in construction. In addition, other aims are to present three
test methods, and to compare the obtained results and resistance curves on the ultra-high
strength armoured base material used in special and military purposes, for which the
fracture mechanics parameters are very important.

2. Materials and Methods
2.1. Material Protac 500

Armoured steels are developed to provide high resistance to penetration and protec-
tion against explosion. Numerous types of such steels have been developed so far. Some
armour steel groups are known in Europe: the Russian steel group, the French group with
the commercial name Mars (manufactured by Creusot Liore Industrie, Le Creusot, France)
and the Swedish group Armox (manufactured by SSAB Oxelosund, Oxelésund, Sweden).
When choosing and developing such a material, a compromise must be reached between
the required mechanical properties and the price of the material [18]. Armox (500T AND
600T), with its extraordinary combination of high hardness and toughness, is certainly
one of the most famous and tested armour steels. Various experiments and publications
were performed and described it: material characterization, fracture properties, numerical
analyses, welding, ballistics tests, etc., [19-21]. Also, Mars (TM3OO, T™500, T™Mg(0, TM650) is
a high-strength and high—hardness steel intended for ballistic protection. Many ballistic
and other experiments were performed on this material [22-24].

Steel Protac 500 is a material produced in the Slovenian ironworks SIJ Acroni Jesenice
(Jesenice, Slovenia). It belongs to the group of steels with anti-ballistic protection. It
also belongs to the group of steels with ultra-high strength, high hardness and good
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ductility. It is used to build objects and vehicles that need anti-ballistic protection. The
primary function of Protac 500 steel is to repel the bullet, deform the bullet, absorb the
bullet’s energy or a combination of the previous three ways [25,26]. While bulletproof
vests are made of composites (limited to low-velocity projectiles v; < 600 m/s), armoured
vehicles are made of steel materials (high impact velocities v; > 700 m/s, e.g., bullet caliber
7.62 mm) [27]. Armoured steels are still the leading steels on the market for which impact
and explosion protection is of utmost importance. They serve as additional armour or
as a structural element in the construction of armoured vehicles. They are intended for
work in extreme conditions that include high impact speeds and explosions. Knowledge of
fracture properties is of great importance for armoured steels [20]. There are also standards
to production sheets metal that have an anti-ballistic function, where the mechanical
properties must be the following: hardness > 500 HB, yield strength >1200 MPa, ultimate
tensile strength > 1600 MPa, elongation at room temperature > 6%, and impact energy
at —40 °C > 15 ]. By applying proper heat treatment, these values can be achieved [28].
The chemical composition of the tested steel is given in Table 2, and the basic minimum
mechanical properties are given in Table 3.

Table 2. Chemical composition of Protac 500 [26].

C Si Mn P S Cr Ni Cu Mo
0.28 0.91 0.72 0.006 0.002 0.69 0.14 0.20 0.30

Table 3. Guaranteed minimum mechanical properties of Protac 500 by steel producer [26].

Yield Strength Ultimate Tensile Strength Elongation Impact Energy Brinell Hardness
Ryo.2 (MPa) Rm (MPa) As (%) CVN () HB
1200 1600 8 20 at —40 °C 480-530

2.2. Heat Treatment and Mechanical Properties Testing

The material that was tested was heat-treated Protac 500 steel. The heat treatment was
performed so that the material was tempered to a temperature of Acz 900 °C, then to a low
temperature, tempered at a temperature of 220 °C, where it was held for 3 h; Figure 1. The
material’s tempered martensitic structure was obtained by low temperature tempering;
Figure 2.
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Figure 1. Heat treatment of Protac 500 steel.
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Figure 2. Tempered martensite microstructure.

The new mechanical properties of this heat-treated material were obtained through
mechanical tests: tensile test, instrumented Charpy test and hardness measurement. The
tensile test was performed according to standard EN ISO 6892-1:2019 by using method B [29]
on the servo hydraulic Amsler 559/594 universal testing machine (Amsler Priifmaschinen
A.G., Merishausen, Switzerland—now Amsler Priifsysteme, Neftenbach, Switzerland), and
cylindrical specimens were prepared according to Figure 3. The hardness was measured on
Roell-Zwick Z600 (Zwick Roell Group, Ulm, Germany) using a Vickers pyramid according
to EN ISO 6507-4:2005 [30], with a load of 98.1 N at three different locations. For the Charpy
impact tests, an instrumented Charpy pendulum Amsler RPK300 (Amsler Prufsysteme,
Neftenbach, Switzerland) was used, according to ISO 148-1 [31], with the geometry of the
specimens ISO V-notch, according to Figure 4. All experiments were performed at room
temperature +20 °C.

R4
—> 3 <
4 ©
\_/ = i
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< 21 >
Figure 3. Tensile test specimen.
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PER

45°
Figure 4. Charpy specimen.

2.3. Methods for Determining Fracture Toughness

There are different types of standards according to which the fracture toughness of
materials is determined. In this paper, the Jic and Kjc values were obtained using the
ASTM E1820 standard (three methods from that standard: normalization, compliance and
multi-specimen method) and ASTM E399. Also, according to the ASTM E1820 standard,
the material resistance curves J-R and J-R will be presented. The resistance curves represent
how the energy required for crack propagation increases with its growth. They are obtained
by interpolating the points of the experiment in the diagram (J integral-crack extension for
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the J-R resistance curve and CTOD-crack extension for the §-R resistance curve) for each
specimen and each method separately. In the discussion, the results of these methods were
compared and differences in the small scattering of values and curves were described.

2.3.1. Normalization Method

The normalization method can be used in cases to obtain the J-R curve directly from the
force-crack mouth opening displacement record (P-CMOD), taken together with the initial
and final crack length measurements from the fracture surface of the specimen. The method
is the most used for cases where high load rates are used or where high temperatures or
aggressive environments are used [7]. It is to be used for statically loaded samples if the
standard’s requirements are met. The normalization method is not applicable for low-
toughness materials tested in large specimens where large crack propagation may occur
without a measurable displacement of the plastic load line. The normalization method is
used quite often, especially when determining resistance curves to crack growth in steel
for pressure vessels. It has been proven that it is suitable for determining the fracture
toughness of a ductile crack [32].

2.3.2. Compliance Method

The compliance method is where the crack size propagation (Aa) is registered with
the slope of individual unloading during the test in the P-CMOD curve. As a rule, crack
development occurs when the Py, force in the P-CMOD diagram is exceeded; Equation (1).
In this method, two quantities (applied load and specimen deformation) are connected
to obtain the crack length. Simply put, compliance is the ratio of the deflection of the
specimen to the applied load. By increasing the length of the crack, the elasticity of the
sample also increases because the deflection for an applied load is increased. This method
is widely used for isotropic and elastic materials [33]. The test procedure is reflected in
obtaining the resistance curve J-Aa, where each obtained point for the curve represents
one compliance. The most used methods for determining fracture toughness are the
normalization method and compliance method. A big advantage of these two methods
over the multi-specimen method is economy, because you do not need to make more
specimens. Comparisons between these two methods are often made, i.e., comparison
between the obtained | resistance curves, both on the base material and on the welded
joints. The average difference or conformity is detected, and conclusions are adopted, based
on which method to use depending on whether the material is brittle or ductile [34].

2.3.3. Multi-Specimen Method

The multi-specimen method requires four or more specimens, which makes it one of
the most expensive and most accurate methods. Each specimen is separately loaded to the
selected load level and unloaded to obtain the increase in crack length Aap,. Each specimen
is then broken to reveal the surface of the crack. The multi-specimen method follows the
compliance method so that the values of the last points are taken from the resistance curves
J-R and J-R from the compliance method. Based on these last points, a new or the most
accurate J-R and J-R resistance curve is drawn [7]. Sometimes the parameters obtained
from previous methods are not the most reliable because the test was performed on one
or two specimens. For this reason, the multi-specimen method gives the most accurate
parameters, takes into account several specimens, and is, therefore, applied to all materials
where it is very important to determine the fracture toughness [35]. In addition to the
ASTM E1820 standard, there are many other standards for determining fracture toughness
(ASTM E1921, ASTM E399, etc.) [36].

All methods were tested on SENB specimens on a three-point bending test. The
specimens were first subjected to a prefatigued load to form a pre-crack at the tip of the
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notch, then loaded slowly quasi-statically to determine | as a function of crack growth. The
test procedure was reflected in obtaining the resistance curves towards the crack, the J-Aa
curve and the §-Aa curve [7]. These tests were performed on a material used in dedicated
industries and it was essential that the results of toughness and fracture resistance met all
criteria and standards of armoured steels [37].

The determination of the nominal limit force Ppy, is defined by Equation (1) [7]:

0.5-B-b3-0;
P, = %V 1)

where B—thickness of specimen; b,—remaining ligament (Equation (2)); cy—mean value of
yield stress Ry and ultimate tensile strength Ry, (Equation (3)); and S—support span [7].

b0:W—a0 (2)

Ry02 +R
_ p0.2 m
0y =——75— (©)
The value of the J-integral is determined as the sum of the values of the elastic and
plastic J-integrals (Equation (4)) [7]:

J=Ja+ ]pl 4)

For characteristic points on the force—displacement diagram with coordinates P;, v;,
the | integral is calculated by Equation (5) [7]:

K21 0?)

Ji = 3

+ Jpi ®)

where Kj—stress intensity factor in the calculated step; v—Poisson’s ratio; E—Young’s
modulus of elasticity; and the bending specimen J,; is calculated by Equation (6) [7]:

2A

_ Sapli

Ap—the area bounded by the P—CMOD curve and the line of relief; i—point on the
P—CMOD curve.

Based on the obtained data, a ]-Aa curve diagram was constructed on which the fitting
line is constructed according to the ASTM E1820 standard. Jic was obtained from the
intersection of the parallel line with the construction shifted by 0.2 Aa and fitted J-Aa curve.
From the size of the critical Jic integral, the value of the critical stress intensity factor or the
fracture toughness at straight deformation Kjic can be calculated using the dependence
(Equation (7)) [7]:

Jic'E
1—202

The value of § is calculated as the sum of the elastic and plastic components [1,7]

(Equation (8)) [7]:

Kje = 7)

6 =10+ (Spl (8)
where e is the elastic part of § (Equation (9)) and J;,) is the plastic part of § (Equation (10)) [7].

_KkO-2)

O =
el > Rp0.2 fal (9)
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r(W —ag)vp

5 =
PL™ (W —=ag) + a9 +z

(10)

where r—distance to the rotation point; W—specimen width; ap—origin crack size;
vp—plastic part of 6; z—the thickness of the support knives placed at the location of CMOD
measurements, v—Poisson ratio; E—Young modulus, and Rpo_z—yield stress. Based on
Equations (6)—(8), we get Equation (11) [7]:

a )r (1-7?) r(W —a)v, a1

5— PL f(
| BWLSTAW 2R.E  r(W—a)+a+z

where B—specimen thickness, and f (%)—crack’s shape function, which can be in the case
of the SENB specimen calculated by Equation (12) [7].

a;)\1/2 (B (] - & _ a; ;)2
f(“):3(W) [1.99— () (1= ) (215 -393(f) +27()?)] )

2(1+2¢) (1 - )"

Fracture mechanics tests are very complex. To obtain the most accurate results, all test
phases were precisely defined and all requirements regarding the validity of the results
must be met.

2.3.4. Determination of Kjjc According to the ASTM E399 Standard

Another standard for determining the fracture toughness of materials is the ASTM
E399 standard [38]. The stress intensity factor can be considered as a stress-based estimate
of fracture toughness. Depending on this parameter, plane strain fracture toughness under
plane strain and small-scale yielding conditions for most metallic materials can be predicted
according to the ASTM E399 standard [39]. This method has been used in numerous studies
with the aim of calculating Kjc. There are also explanations that this method underestimates
the Kjc values if the material has a large area of plasticity [40]. According to the standard, for
the specimen to be valid, the following conditions (specimen size) should be met according
to the ASTM E399 standard. Therefore, all specimen dimensions (W —ay), a9, B, W
should be greater than the value in Equation (13) [7], especially the remaining ligament
bQ = (W — {Ilo) [41,42]

bo, ap, B, W > 2.5 <K1C> =25 <K1C> (13)

oys Rpo2

2.4. Fractography Analysis

Fractography analysis has been used for many years (approximately half a century)
as a post-mortem tool to determine fracture patterns and to assess the fracture toughness
of brittle or ductile components [43]. The scientist’s task is usually to inspect the fracture
surface with the naked eye, then make a microscopic or fractographic analysis. With
fractographic analysis, it is possible to recognize whether the shape of the crack shows
some correlation with the fault in the structure or whether the crack spreads along the
grain or through the grain [44,45]. In this experiment, scanning electron microscopy was
used, which helps additionally in the description of the behaviour of the material and
complements the analysis of the path of the crack inside the microstructure [46]. The
scanning Microscope Quanta 200 3D (FEI Company, Hillsboro, OR, USA), Figure 5a, was
used for the fractography analysis. The preparation of specimen P03 before putting it into
the chamber of the scanning microscope is shown in Figure 5b,c.
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Figure 5. SEM microscope (FEI Company, Hillsboro, OR, USA) and preparation of the specimen P03;
(a) Quanta 200 3D; (b) fixing the specimen; (c¢) SEM chamber with P03 specimen.

2.5. Testing Device and SENB Specimen

In order to obtain the critical values of the J integral and  according to the ASTM
E1820 standard, the experimental part (pre-fatigue, test and post-fatigue) was performed
on resonant Vibrophore 100 tensile machine manufactured by Zwick Roell company (Zwick
Roell Group, Ulm, Germany), Figure 6a, at the Faculty of Mechanical Engineering in
Maribor. Also, Figure 6b shows the configuration of the sample on the machine. The SENB
specimens, shown in Figure 7a,b, were used for the experiment, and the dimensions of the
specimens are in Table 4. The experiment was performed at room temperature.

Figure 6. (a) Vibrophore 100 testing device manufactured by Zwick Roell. (b) Sample configuration

during the test.
# . B <
& A
; N =
A\

—_~
=

Figure 7. (a) SENB specimen geometry. (b) Specimen used for fracture toughness testing.



J. Manuf. Mater. Process. 2025, 9, 212 9 of 24
Table 4. Dimensions of SENB specimens.
Dimensions Index [mm] Po1 P02 P03 P04 P05 P06
Width w 39.40 39.40 39.50 39.40 39.40 38.50
Thickness B 19.20 19.20 19.10 19.20 19.20 19.20
Notch length an 13.15 13.15 13.11 13.10 13.16 12.72
Notch width N 0.30 0.30 0.30 0.30 0.30 0.30
3. Results

3.1. Results of Tensile Test, Charpy Impact Test and Hardness Measurement

The heat-treated material, by low-temperature tempering, Protac 500, acquired new
mechanical properties. By tensile testing, we obtained the tensile strength of the material,
yield stress, and the elongation and contraction of the cross-section, and the results are
shown in Table 5. By instrumented Charpy testing, we obtained the impact toughness of
the material and the impact energy absorbed by the material and its distribution into the
energy required for crack initiation and the energy required for crack propagation. The
results of the Charpy test are shown in Table 6. The results of Vickers HV10 hardness
measurements are shown in Table 7.

Table 5. Tensile test results.

Ultimate Tensile

Specimen Yield Strength Strength Elongation Contraction of the
Rpo.2 (MPa) R, (MPa) As (%) Cross-Section Z (%)
TT-1 1320 1702 12 53
TT-2 1293 1665 11 51.5
TT-3 1295 1667 11 52
Average 1302 1677 11.3 52
Standard 15 21 1 1
deviation
Table 6. Charpy impact test results.

Soec Impact Toughness Total Impact En?r.gy. for Energy %or
pecimen KV (J/em?) Energy Initiation Propagation
CHV-1 50.7 31 24 7
CHV-2 50.3 28 21 7
CHV-3 49.9 28 22 6
Average 50.3 29 22.3 6.7

Standard deviation 0.4 17 1.5 0.6

Table 7. Hardness measurement results.

Measurement Point

Hardness (HV10)

Measurement Point

Hardness (HV10)

1 527 6 533

2 522 7 526

3 543 8 533

4 543 9 539

5 534 10 535
Average 533.5
Min. value 522
Max. value 543
Standard deviation 7.02

3.2. Results of Fracture Toughness and Resistance Curve

Five specimens were used to determine the fracture toughness of the base material
Protac 500.
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The experiment is divided into three parts according to the standard, pre-fatigue,
fatigue and post-fatigue.

For pre-fatigue crack to occur, it is necessary to respect the standard. According to the
standard, the final length of the pre-fatigue crack must be within the values according to
Equation (14) [7]:

045 < a9/W < 0.55 (14)

The standard also prescribes the maximum permissible deviation of the length of the
pre-fatigue crack, i.e., the straightness of the crack front; Equation (15) [7]. The importance
is reflected in the fact that if the crack front is irregular (not equal on both sides of specimen),
it means that the stress distribution is not uniform. This can result in falsely high or low
Jic and Kjic values, proving that the ASTM standard pays special attention to specimen
geometry to ensure repeatability and data validity.

f0F Z 808 19 (15)
A0avg

The following Table 8 shows the obtained values, which shows that all the required

conditions according to the standard for pre-fatigue crack are met.

Table 8. Pre-fatigue values.

Specimen aor (mm) agp (mm) ap (mm) R-Ratio (-) fo (Hz) f1 (Hz) N (-)
P0O1 20.339 19.171 19.755 0.1 63.80 56.40 624,992
P02 20.985 19.572 20.279 0.1 64.50 57.66 684,729
P03 19.434 20.700 20.067 0.1 60.76 55.20 502,610
P04 21.597 19.612 20.604 0.1 60.70 55.22 517,690
P05 18.500 19.950 19.225 0.1 60.61 56.50 481,370
P06 18.759 20.745 19.756 0.1 59.90 53.38 454,940

apr—length of pre-fatigue crack on the front side of the specimen. agg—length of pre-fatigue crack on the back side
of the specimen. ¢ (dpavg)—pre-fatigue crack. R-ratio—ratio of minimum and maximum force during pre-fatigue.
fo—frequency at the beginning of pre-fatigue. f1—frequency at the end of pre-fatigue. N—the number of cycles
required for the formation of a pre-fatigue crack.

The load during the main part of the experiment (fatigue) was performed according to
the standard. The calculated force Py, which is defined for the compliance method, tells us
what load we have to apply for the first three times with unloading to half the value of that
force. With the first three loadings and unloadings, it is very important that we are in the
elastic zone of the material, and that there is no plastic deformation, because these slopes
are taken as reference and in relation to them, the further progress of the crack growth is
measured. Each subsequent loading was performed with a CMOD step of 0.2 mm and a
speed of 0.010 mm /s. The experiment continues until the P-CMOD curve drops slightly
after the maximum force that the material can withstand.

Fatigue after the experiment (post-fatigue) is used to mark the part of the crack where
it had stable growth. Post-fatigue to the final failure is performed with half the maximum
force that the specimen endured during fatigue.

3.2.1. Results of the Normalization Method

The measured values of P-CMOD for P01 to P04 are shown in the diagram in Figure 8.
The normalization method for crack growth monitoring according to the ASTM E1820
standard is shown in Figure 9 (the normalization performed on the P03 specimen was
taken as an example). The displacement value-CMOD in relation to the force is measured
for each specimen. Then, the fracture of the specimen follows, and the crack and the
remaining ligament are measured. The results are obtained based on the J-Aa and J-Aa



J. Manuf. Mater. Process. 2025, 9, 212 11 of 24

resistance curves, which are drawn as shown in Figures 10 and 11 (for example, the J-Aa
and J-Aa resistance curves for specimen P04 are taken). Engineering critical values are
calculated as intersections of the resistance curves and the parallel offset of the construction
line Aa = 0.2 mm, representing the crack’s blunting and expansion for 0.2 mm. The max-
imum value is limited to Jmax, because at the condition | > Jmax, the plastic deformation
becomes significant, so the crack’s behaviour does not depend on the material but on the
remaining ligament. The results of the normalization method are shown in Table 9. For
specimen P05, it was not possible to perform the normalization process due to the too short

crack propagation.

~ 50,000 :
£ — POl — P02
Q. 40,0001 —po3 — P04 —
el /
& 3000 7
8 20,00 p
10,000
<

0

0 0.1 02 03 0.4 0.5

Measured crack mouth opening
displacement CMOD (mm)

Figure 8. Measurement of P-CMOD values for specimens P01-P04.
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Figure 9. Normalization method for specimen P03.
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Figure 10. J-Aa resistance curve for P03 specimen.
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Figure 11. §-Aa resistance curve for P03 specimen.

Table 9. Results of the normalization method.

. Jic Kyic Jd1c
Specimens (k] /m2) (MPa m*2) (mm)
P01 53.70 112.49 0.0214
P02 64.96 123.72 0.0236
P03 49.25 107.73 0.0172
P04 54.46 113.28 0.0201
Average 55.59 114.30 0.0205
Standard deviation 6.65 6.73 0.0026

For the calculation of fracture toughness according to the normalization method,
which includes factors, such as the geometry of the specimen (height, width, length of the
premachined notch) and material characteristics (yield strength, tensile strength, Young’s
modulus of elasticity, Poisson’s ratio), everything starts from the so-called “raw” experi-
mental data F-CMOD (blue circles shown in Figure 9). The other drawn lines serve us for
the correct selection of the points that we need to take and normalize. The orange circle
shown in Figure 9 represents the normalized final data set as a subset of the data that was
filtered from the original set, used in the linear part of the curve, and used to calculate the
J-integral. The data for the normalized final data set meet the condition of the standard
v'p1 > 0.0010, which means that they are above the values that indicate stable crack growth,
and all data for which v’ pl <0.0010 (black dashed construction line in Figure 9) are rejected
because they do not satisfy the criterion for a valid evaluation of toughness. The fitted
data are represented by a red line in Figure 9; they are NDR fitted data (Normalized Data
Regression), which represent a regression/approximation line through a set of normalized
points to show the perfect agreement between the fitted line and the data (the equation of
the regression line and the coefficient of determination is always given next to the line).
For validation and comparison with NDR fitted data, the data between the maximum
force Pmax and the final force Py (black line in Figure 9) are used, which defines the part of
the load where unstable crack growth occurs. The importance of the diagram shown in
Figure 9 is that it shows how valid ones (orange data) are extracted from the experimental
data (blue data), then regression analysis (NDR fitting) is applied to them, and the result is
used for further calculations of fracture toughness.

3.2.2. Results of the Compliance Method

This method is tested on five specimens (P01-P05) that are successively partially
unloaded. Unloading is performed on half of the calculated force Pr,, which is calculated for
each specimen separately; Table 10. The P-CMOD graph for the compliance method is given
in Figure 12 (just for the specimen P03). At each unloading, based on the compliance, the
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current length of the crack a, /W = f(C) is determined and the crack length Aap, = ap — a9 and
the corresponding value of the [-Integral are calculated. The resistance curves obtained by
the compliance method (shown only for the specimen P03) are given in Figures 13 and 14,

and the results for all specimens are given in Table 11.

Table 10. Calculated force Py,.

Specimen P [N]

P01 33,015
P02 33,923
P03 32,237
P04 33,454
P05 36,754

2 40,000

_

3 30,000

g

5 20,00 /

5 //

<

g 10,000

77

0 ‘
0 0.1 0.2 0.3 0.4
Measured crack mouth opening
displacement CMOD (mm)

Figure 12. P-CMOD graph for specimen P03.
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Table 11. Results of the compliance method.

. Jic Kyic d1c

Specimen [J/m?] [MPa m'2] [mm]

PO1 52.06 110.76 0.0190

P02 65.01 123.77 0.0236

P03 47.36 105.64 0.0172

P04 54.85 113.69 0.0201

P05 50.32 108.89 0.0184
Average 53.92 112.55 0.0196
Standard deviation 6.76 6.91 0.0024

3.2.3. Results of the Multi-Specimen Method

We carried out this method on five specimens P01-P05. Based on the last point from
each of the five resistance curves [-As and J-Aa from the compliance method, we obtained
a new curve, which consists of these points in the diagram J-Aa and J-Aa. These curves,
Figures 15 and 16, represent the most accurate resistance curves of the material. Thus, we
determined the parameters of EPFM using the multi-specimen method. The results are
shown in Table 12.
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Figure 15. J-Aa resistant curve by multi-specimen method.
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Figure 16. J-Aa resistant curve by multi-specimen method.

Table 12. Results of multi-specimen method.

Jic Kjyic dic
Multi-Specimen Method (kJ/m?) (MPa m'/2) (mm)

43.35 101.07 0.0161
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3.2.4. Determination of Kjc According to the ASTM E399 Standard

Only the last specimen P05 was tested according to this standard by using obtained
test experience by tested specimens P01-P04 with other methods. These data enable us to
stop the test at the right moment, to not go too far to the plastic region that LEFM conditions
are fulfilled. The conditional value Pg is determined by drawing the secant line OB, (see
Figure 17) through the origin (point O) of the test record with a slope (P/V—blue line)
equal to 0.95 (P/V—red line), where (P/V—blue line) is the slope of the tangent OA to the
initial linear portion of the record. Then the value is 2.5 (Kqg/0ys); where oys is the 0.2%
offset yield strength in tension Rp.2.

70,0000 + Measured CMOD - P for POS
260 000] — OA - linear (measured CMOD - P for P05)
— OB - linear (0.95 k)
R50,00
9 A
£ 40,000 ¥,=0.95 k;x = 128684x p B
A R =0.9997 ¢
k= 50,0001 : ASTM E399
"g 20,000 v, =0.95 % Secant
< o = ’
& 10,000 V2= 095k x = 122110 %
0 R=1
0 : .
0 0.1 0.2 0.3 0.4

Measured crack mouth opening
displacement CMOD (mm)

Figure 17. Determination Pq for Kjc evaluation according to ASTM E399 standard for P05 specimen.

The stress intensity factor was determined for specimen P05, which was the last tested
specimen and meets all requirements (Equation (13)) according to the ASTM E399 standard.
The validity of the Kjc value determined by this test method depends upon establishing a
sharp-crack condition at the tip of the fatigue crack in a specimen with an adequate size
to ensure predominantly linear-elastic, plane-strain conditions. To establish the suitable
crack-tip condition, the stress intensity factor level at which specimen fatigue pre-cracking
is conducted is limited to a relatively low value. Results of specimen P05 fracture toughness
are given in Table 13. For Kjc evaluation, according to ASTM E399, stopping the experiment
at the right moment is essential, especially when the material is ductile or quasi-brittle,
like in our case. The reason is that the test does not go too long into a stable crack growth
regime. For that purpose, test data on specimens P01-P04 were used and helped us to
decide to stop the experiment at the right point to fulfil the requirements of the ASTM
E399 standard.

Table 13. Results of fracture toughness by ASTM E399 standard.

. Jic Kic
Specimen (J/m?2) (MPa m¥2)
P05 51.84 105.87

3.3. Crack Measurement and Fractography of the Fracture Surfaces

The crack measurements were needed for each specimen to evaluate Kjic or Kjc at all
SENB tests after they were broken with post-fatigue marking. According to standard ASTM
E1820 and ASTM E399, the origin fatigue crack ay and final physical crack size a, must be
determined by the particular procedure for crack measurement. Each crack needed to be
measured in nine pre-defined points. The averaged crack lengths are calculated according
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to Equations (16) and (17) [7], where side crack measurements contribute to just half the
value of the average crack length.

(ag; +a09) /2 + X3 ag;

ay = 3 (16)
(@, +ap0) /24 X5 ap
a, = —7 S (17)

The procedures of the origin crack measurement (red) and physical crack measurement
(blue) are shown in Figure 18.

0 .

4 + Notch
] (EDM process)
l— —a

Prefatigue

L — crack
Stable crack
— growth Area of
fractographic
analysis

\

i Fatigue crack E
327 marking y
36 +
40 +——t+—trtr

0 4 8 12 16 20

B (mm)

Figure 18. Crack measurement procedures for specimen P02 specimen; (red) origin crack length ag,
and (blue) physical crack length ay,.

All images of the fracture surfaces from different specimens (P01-P05) were taken
at different magnifications for extensive fractography analysis. Here is an example of
specimen P02, which is shown in Figure 19 (the area of fractographic analysis is marked in
Figure 18). Figure 19a shows the crack initiation area at the origin crack front where the
brittle area (area of the brittle facets) becomes more extensive when the crack propagates
in a deep direction. The pre-fatigued crack area (see mark 1 in Figure 19a,b) is shown on
the upper side of the crack origin front. Further, during the test, blunting happens in this
crack front (see mark 2 in Figure 19a,b). The crack initiation starts in mark 3 in Figure 19a,
where brittle facets from crack initiation become wider when the crack propagates into
a deeper area. This happens near the minor double-layer defects already existing in the
material. In the other areas at the blunting front of the fracture surface, when the crack
starts propagating, the fracture is predominantly ductile with many small ductile dimples
(Figure 19b mark 3).
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Figure 19. Fracture surfaces of specimen P02; (a) crack initiation area, (b) ductile area at the beginning
of the stable crack growth, (1) pre-fatigued crack area, (2) blunting area, and (3) stable crack area.

By analysing and measuring the dimples on the fracture surfaces, we can conclude
what kind of fracture we are talking about. In the diagram presented in Figure 20, we
see the dimples divided into bins (ranges) and presented according to the frequency
of occurrence. Dimples are characteristic for ductile fracture, while shiny and granular
surfaces are characteristic for brittle fracture. The predominance of small and shallow
dimples (visible from the diagram) indicates a certain degree of ductility, but the matrix is
no longer capable of significant plastic deformation before cracking and is close to transition
into a brittle fracture.

100

90 + Average dimple size: 13 pm

80 4+ Minimum dimple size: 2 pm
< 70 4+ Maximum dimple size: 90 pm
S 60 1 Standard deviation: 10.77 um
>
g 50 +
g 40 +
12
= 30 T

20 +

10 l

0 _J | | I

5—10 1015 15—20 2025 25-30 >30
Dimple size (um)

Figure 20. Size distribution of dimples and frequency of occurrence.

4. Discussion

The aim of this article was to demonstrate different methods for determining fracture
toughness. In doing so, we have used two standards to determine fracture toughness. The
first standard, ASTM E1820, is used on more tough materials, while the second standard,
ASTM E399, is used on more brittle materials, even in cases where there are limited locally
brittle regions in the materials and limited small local instability—POP Ins occur during
the test. ASTM E399 is used for the evaluation by LEFM, which means that the plastic zone
at the crack tip must be small enough (ry < 0.02 ¢). In that case, it can be neglected and not
affect the determination of the fracture toughness of the Kjc. However, before the result
becomes a fracture toughness, in addition to a sufficiently large constraint, i.e., the plane
deformation state at the crack front is needed. In that case, even a tough material can break
brittle. Another condition that needs to be fulfilled is the geometric independence of the
test piece on the test. This means that the dimensions must be big enough, particularly
the remaining ligament by, so that the crack propagation in the test is not affected by
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dimensions of the test piece that are too small (see Equation (13)). If these conditions are
met, we have determined the fracture toughness of the Kjc, which is a material property,
otherwise the geometry of the test piece has affected the result and we have not been able
to determine a minimum value for the material intensity factor, which in this case, is the
fracture toughness. Problems that may arise are an oversized plastic area at the crack tip
when performing the test, and in this case, it will be necessary to use EPFM as LEFM tools
are insufficient. This problem tends to occur on more tough materials where it is necessary
to use ASTM E1820 and the principles of EPFM; when used instead of Kjc, it is possible
to specify a critical J-Integral Jic or a critical éic. One can even determine the Kjic via the
J-integral or ¢ using the resulting material resistance curves. This allows us to determine
the fracture toughness on even more ductile materials where ASTM E399 fails because it is
impossible to make test specimens large enough to satisfy the conditions in Equation (13),
i.e., the material has deformed too plastically during the test.

Several methods are available in the very comprehensive ASTM E1820 standard, and
we have used most of them. The multi-specimen method is one of the most expensive and
accurate methods for determining a material’s fracture toughness and resistance curve.
This method uses the least number of assumptions, since one experiment is carried out for
each point on the resistance curve, and the condition that the points are of different crack
growth must be satisfied to construct a resistance curve from the resulting points. This
requires several experiments to be carried out in which the initial and final crack lengths
must be measured. This way, things are clear without unnecessary assumptions about how
the crack progresses during the experiment.

Another possible method of determination is the single specimen method, where only
one test specimen is used but certain assumptions must be made about how the crack
propagates. The crack should propagate as evenly as possible along the crack front without
the unnecessary so-called tunnel effect where the crack propagates faster in the centre than
at the edge. The recommendations of the standard must be strictly followed to meet these
conditions. Therefore, we want to have a crack front that is as straight as possible and that
the crack propagates as uniformly as possible along the entire crack front.

In the case of normalization, we first determine the test, then perform the calculation
without taking crack propagation into account at the start. In this case, the crack is first only
ag long, and we determine the Kg and ] integral, then measure the crack a,, and take this into
account at the endpoint of the experiment, where the larger crack and smaller remaining
ligament by make the material more load bearing. This is followed by normalization, where
we assume that the crack has propagated uniformly during the experiment from the point
of blunting to the final length a;,. This can be a significant obstacle in specific tests and may
even lead to an overestimation or underestimation of Kjjc. If all the conditions are met, the
critical value of the stress intensity factor Kjc can be determined from the resistance curve.
The problem can arise in heterogeneous materials where the crack does not propagate
uniformly, for example, in different zones of the weld joint (HAZ/BM, HAZ /Weld metal,
or in the weld metal itself when we have multi-pass welding).

The single specimen method is evaluated by compliance, partial unloading of the
material during the test and re-loading as the crack length propagates. First, the unloading
is carried out at a point P, which is determined before the experiment, and here, we
have the initial slope of the unloading curve corresponding to the crack length ay. As the
crack propagates, the unloading slope changes due to the smaller remaining ligament.
This leads to a larger reduction of the remaining ligament. This continues throughout the
crack propagation during the experiment. The final slope corresponds to the crack length
ap measured after the marking and breaking of the specimen. This somehow calibrates
the initial slope the initial crack length and the final slope and a,. Thus, the crack length
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is determined at each point of unloading. It is not necessary for the crack to propagate
uniformly because from the slope at the unloading, we can determine the size of the crack,
calculate the fracture mechanics parameters and obtain one point on the resistance curve for
each unloading. In this case, the method can be applied to certain heterogeneous materials,
but care must be taken to take the appropriate material properties where the crack tip is
located. However, in some materials, there may be a problem of ensuring that the crack
front is adequately straight, which is something to be very careful about.

We wanted to use these methods on the ultra-strength Protac 500 steel to see how this
affects the determination of Kjc or Kjjc in a material that is ultra-strength and relatively brit-
tle or quasi-brittle. Based on the test results of Protac 500 steel, Figures 21 and 22 show the
comparative J-Ag and §-Aa resistance curves for all three methods: the compliance method
(specimen P03), normalization method (specimen P03), and multi-specimen method (where
the individual experiments of specimens P01-P05 are plotted). These points were used for
the construction of a resistance curve for the multi-specimen method.

200
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Figure 21. ]-Aa resistant curves for all methods.
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Figure 22. §-Aa resistant curve for all methods.

To determine the Kjjc as accurately as possible, it is best to carry out the experiment
we conducted with the P05 specimen using the ASTM E399 standard but to be able to stop
the experiment at the right moment at a point that would meet all the criteria for the use of
the LEFM. We went the other way and carried out this experiment at the end rather than
blindly, and somehow, we already knew, assuming that it was similar to the CMOD, when
to stop the experiment from the earlier tests for specimens P01-P04. We performed this and
all the necessary conditions were met to determine the Kjc, which was 105.87 MPa m!/2.
Similar values were obtained for P03 (see Table 14) where the crack elongated by about
1.1 mm (see Figure 21 or Figure 22).
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Table 14. Results of Kjic and Kjc for all methods.
Kic (MPa m12) Kjic (MPam'?)
ASTM E399 ASTM E1820
Specimen Normalization Compliance Multi-Specimen
P Method Method Method
P01 - 112.49 110.76
P02 - 123.72 123.77
P03 - 107.73 105.64 101.07
P04 - 113.28 113.69
P05 105.87 - 108.89

Regarding the resistance curves, it can be seen that the normalization method is the
most conservative and, therefore, the resistance curve is the lowest, especially at the end
of the resistance curve. The compliance method, however, gives the highest value of the
resistance curve but is the most conservative in determining the Kjjc since the lowest Kjyc
value of 101.07 MPa m'/2 is found here (see Table 14). As a general rule, the Kjjc determined
by normalization is slightly higher or similar to that of the compliance method because of
the shapes of the resistance curves.

The Kjic value obtained according to the multi-specimen method had a lower value
(approximately 7% lower value than individual measurements according to the other two
methods). The reason for this is a more precise interpolation through multiple points
that represent the loads of individual specimens up to different levels of crack growth.
This enables a more precise determination of the point when the crack starts to grow and
reduces the possibility of taking a higher value of the J-Integral. Another reason is that
the multi-specimen method avoids the effect of “plastic expansion”, i.e., the normalization
and compliance methods can slightly overestimate the toughness because they include
additional energy spent on general plastic deformations, not only on crack growth.

5. Conclusions

This work contributed to the evaluation of the integrity of the Protac 500 steel structure,
i.e., its behaviour in the presence of a crack-type defect.

The test results and analysis of the results showed, without any doubt, that the elastic—
plastic fracture mechanics parameters, [-integral and J, were successful in its assessment.

The properties of the material are clearly seen through the fracture toughness val-
ues obtained. The highest measured value of Kjjc obtained by normalization was for
the specimen P02 Kjc = 123.72 MPa m!/2 and dnc = 0.0230 mm, and the smallest mea-
sured value was for the specimen P03 Kjjc = 107.73 MPa m!/2 and dnc = 0.0172 mm.
The same was for the specimen P02, tested by the compliance method, and had the
highest value Kjic = 123.77 MPa m!/2 and dnc = 0.0236 mm, and the smallest had P03
Kjic = 105.64 MPa m!/2 and onc = 0.0172 mm. The value of Kjjc measured by testing
with the multi-specimen method was Kjc = 101.07 MPa m'/2 and onc = 0.0161 mm. The
differences are relatively small and do not have to have an impact on statically loaded
constructions. However, given that in this case, it is a construction that is exposed to a
variable load, the Kjc value is very significant because the resistance to crack propagation
depends on the Kjjc value.

Through a comparative analysis of the results of the applied methods, all tests showed
a sufficient degree of similarity, that is, no difference was obtained using the normalization
method and the compliance method, while the difference was about 7% with the multi-
specimen method. We can confirm the degree of similarity if we look at the average values
of fracture toughness obtained by the method of normalization (Kjic = 114.30 MPa m!/2)
and compliance (Kjjc = 112.55 MPa m! /2), where the deviations are very low, and compare
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it with the result of the multi-specimen method and the result for sample P03 obtained
according to the ASTM E399 standard. Also, Kjc according to the ASTM E399 standard was

1/2 was obtained for

obtained for specimen P05. An approximate value Kjc = 105.87 MPa m
the result, as with the multi-specimen method.

The multi-specimen method is the most accurate method because it uses several speci-
mens (but also the most expensive) with different crack extensions, and the interpolation of
these points would give the most accurate resistance curve and the result of the fracture
toughness of the material. When comparing methods that use one specimen, we prefer the
compliance method, which is more accurate than the normalization method. The reason for
this is because the normalization uses normalized data that represent the uniform progress
of the crack from point to point. In the case of ductile materials, this is not a big problem
because the crack propagates evenly, while in the case of brittle materials, the crack grows
unevenly between two points. With the compliance method, each unloading represents
the progress of crack growth (easy to measure over the slopes), but there is a problem with
very brittle materials where they would not be able to define a sufficient number of points
(insufficient number of unloading slopes) in the diagrams of the resistance curves and
according to the standard, these results would not be valid. Due to all of these reasons, and
the advantages and disadvantages of the methods, we decided to test all three methods
according to the ASTM E1820 standard on the base material of armoured steel.

In further research, we will compare these three methods in the differently heat-treated
material Protac 500 and on the newer anti-ballistic steel Protac 600. Our goal is to obtain
the best possible results of the fracture toughness of the material used for military and
special purposes.
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Nomenclatures

EPFM  elastic—plastic fracture mechanics

BM base material

HAZ heat affected zone

WM weld metal

LEFM  linear-elastic fracture mechanics

SENB  single edge notch bend specimen

CMOD  crack mouth opening displacement

Kjic critical stress intensity factor at cleavage fracture

Kic plane strain fracture toughness (critical stress intensity factor under plane
strain condition)
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Kq conditional fracture toughness value

o crack tip opening displacement

Jic critical J-integral required to initiate growth of a pre-existing crack under
plane strain condition

Jel value of the elastic J-integrals

Jp1 value of the plastic J-integrals

Apl the area bounded by the P-CMOD curve and the line of relief

Sel elastic part of crack tip opening displacement

Opl plastic part of crack tip opening displacement

Vi projectile speed

Rpo2 yield strength

Rm ultimate tensile strength

oy mean value of yield stress R0

As elongation to Failure

CVN charpy V-notch

Acs the temperature at which the transformation of ferrite into austenite is complete

P force obtained by testing

Aay, increasing crack length

ag origin crack size

ap physical crack length

Pm nominal limit force

Pq load at which crack initiation is assumed to occur

B thickness of specimen

144 specimen width

an notch length

N notch width

be remaining ligament

z the thickness of the support knives placed at the location of CMOD measurements
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