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this purpose, several fracture tests are carried out on the pre-cracked specimens to determine the fracture
toughness experimentally. The experimental observations and the load-displacement curves obtained

from the fracture tests illustrate that the pre-cracked specimens undergo large plastic deformations

at the onset of crack propagation. Afterward, the fictitious material concept is used to estimate the  Keywords:

values of fracture toughness achieved experimentally. By using fictitious material concept, the fracture ¢ ..o o0 ot

toughness of pre-cracked specimens fabricated from stainless steel 316L could be estimated without the )
Crack propagation

Mode II loading

need for complicated and time-consuming elastic-plastic failure analysis and by performing only linear
elastic analysis. For this purpose, the fictitious material concept is simply combined with mean stress,
generalized mean stress, maximum tangential stress, generalized maximum tangential stress, strain  FElastic fracture mechanics
energy density and generalized strain energy density criteria. It is shown that combination of fictitious  Fracture toughness

material concept with four linear elastic brittle fracture criteria is quite successful in predicting the mode

II fracture toughness of ductile pre-cracked specimens.

1. INTRODUCTION

Designers tend to use ductile materials in fabrication
of engineering structures, since crack growth in such
materials usually occurs gradually, which makes the periodic
inspections of ductile members easier. Almost the majority of
the research works on investigating ductile rupture have been
all carried out based on elastoplastic analysis [1, 2]. In 2019,
Torabi and Kamyab [3] introduced the Fictitious Material
Concept (FMC). The Load-Carrying Capacity (LCC) of
specimens fabricated from materials with highly ductile
behavior and great strain hardening could be estimated using
this concept without the need for complicated and time-
consuming elastic-plastic failure analysis.

The purpose of this research is to use the FMC to estimate
mode II fracture toughness of O-notched Diagonally Loaded
Square Plate (DLSP) samples with pre-existing cracks which
are made of stainless steel 316L with specifications of highly
ductile behavior and great strain hardening. For this purpose,
several fracture tests are carried out on the DLSP specimens
to determine the LCCs experimentally. Afterward, the FMC is
used to estimate the values of LCCs achieved experimentally.

*Corresponding author’s email: m.ayat@;iust.ac.ir

2. EXPERIMENTS

As mentioned above, several fracture tests are carried
out on the DLSP specimens to determine the LCCs
experimentally. To make sure the results are reproducible
and accurate, fracture tests are replicated three times for each
DLSP specimen with a specific crack inclination angle. Fig.1
represents a schematic of the pre-cracked specimen.

The experimental observations and the load-displacement
curves obtained from the fracture tests illustrate that the pre-
cracked specimens undergo large plastic deformations at the
onset of crack propagation.

3. METHODOLOGY
3.1. The Fictitious Material Concept

The LCCs of the DLSP specimens fabricated from
stainless steel 316L could be estimated by using FMC without
the need for complicated and time-consuming elastic-plastic
failure analysis and by performing only linear elastic analysis.
In fact, the FMC makes it possible to replace a virtual brittle
material having linear elastic behavior with the stainless steel
316L with highly ductile behavior and great strain-hardening.
Afterward, combining FMC with brittle fracture criteria
enables the estimation of LCCs of the cracked DLSP samples.

Copyrights for this article are retained by the author(s) with publishing rights granted to Amirkabir University Press. The content of this article
BY _NC is subject to the terms and conditions of the Creative Commons Attribution 4.0 International (CC-BY-NC 4.0) License. For more information,
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Fig.1. The pre-cracked specimen with the boundary and loading
conditions and the geometrical parameters

The fictitious material concept needs two essential
parameters, namely the virtual fracture toughness K ¢
and the virtual tensile strength 6 fF MC Tt is assumed that the
absorbed Strain Energy Density (SED) of the real ductile
material before necking is equal to the SED of the virtual
brittle material needed for abrupt fracture. Moreover, the
ultimate strain of the real ductile material is also considered
to be equal to the fracture strain of the virtual brittle material.
Considering the mentioned assumptions, the values of K ¢
and 6fF MC are calculated equal to 66.3 MPa~/m and 1372
MPa, respectively.

3.2. Linear elastic fracture criteria

In order to estimate the fracture toughness of the pre-
cracked specimens made of stainless steel 316L theoretically,
the FMC should be combined with Mean Stress (MS),
Generalized Mean Stress (GMS), Maximum Tangential Stress
(MTS), Generalized Maximum Tangential Stress (GMTS),
Strain Energy Density (SED) and Generalized Strain Energy
Density (GSED) criteria. Therefore, in the governing
equations of linear elastic fracture criteria, K. and 6
are used instead of the plane strain fracture toughness (K
and the material critical stress (¢ ), respectively.

Equations 1 and 2 represent the governing equations
of the two combined criteria FMC-GMS and FMC-GSED,

Table 1. Theoretical and mean experimental values of K, /K ¢
including the percent discrepancies (4)

Criterion/Experiment Kic/K™Me A (%)
Exp. 0.87 0

FMC-GSED 1.04 19.5
FMC-SED 1.04 19.5
FMC-GMS 0.79 9.2
FMC-MS 0.86 1.1

FMC-GMTS 0.79 [5] 9.2 [5]

FMC-MTS 0.86 [4] 1.1 [4]
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respectively. Also, by assuming the T-stress equal to zero,
the governing equations of FMC-MS and FMC-SED can be
achieved.

FMC 9‘, 3 . 27[d< e .2 (1)
K. =cos(—)[-—K,.sin(8)]+ ——T sin"(6,)
) 2 2 2

16 |4 ™c
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(6 = AR AT K A, )

2
CoK > +CT 27, K 1 =0

The governing equations of MTS and GMTS criteria
are extracted from [4] and [5], respectively. Therefore, the
governing equations of the two combined criteria FMC-
GMTS and FMC-MTS can be extracted as mentioned above,
which are not repeated herein for the sake of brevity.

4. RESULTS AND DISCUSSION

The experimental values of the fracture initiation angle
(0,) and those of the ratio K, /K ¢ are estimated using 6
combined criteria. Table 1 represents the theoretical and
mean experimental values of K, /K "¢ including the percent
discrepancies. Also, Table 2 reports the theoretical and mean
experimental values of fracture initiation angle (¢,) under
pure mode II loading including the percent discrepancies.

Table 1 illustrates that the average discrepancies for FMC-
GSED, FMC-SED, FMC-GMS, FMC-MS, FMC-GMTS and
FMC-MTS criteria are about 19.5%, 19.5%, 9.2%, 1.1%,
9.2% and 1.1, respectively.

According to Table 2, the average discrepancies for FMC-
GSED, FMC-SED, FMC-GMS, FMC-MS, FMC-GMTS and
FMC-MTS criteria are about 9.7%, 9%, 0.4%, 3.4%, 0.4%
and 3.4, respectively. The comparison of experimental and
theoretical results qualitatively reveals that the FMC-MS
and FMC-GMS criteria can accurately estimate the fracture
toughness and fracture initiation angle of pre-cracked
specimens under pure mode II loading.

Table 2. Theoretical and mean experimental values of fracture
initiation angle under pure mode II loading including the
percent discrepancies (4)

Criterion/Experiment 0o (Degrees) A (%)
Exp -73 0
FMC-GSED -80.1 9.7
FMC-SED -79.6 9
FMC-GMS -72.7 0.4
FMC-MS -70.5 34

FMC-GMTS 727 [5] 0.4 [5]

FMC-MTS -70.5 [4] 3.4 [4]
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5. CONCLUSIONS

- In this research, the governing equations of the mean
stress criterion including the effects of T-stress were presented
for the cracked specimens.

- By using fictitious material concept, the mode II
fracture toughness of pre-cracked specimens fabricated from
stainless steel 316L could be estimated without the need
for complicated and time-consuming elastic-plastic failure
analysis and by performing only linear elastic analysis.

- The comparison of experimental and theoretical results
qualitatively revealed that the FMC-MS and FMC-GMS
criteria can accurately estimate the fracture toughness and
fracture initiation angle of pre-cracked specimens under pure
mode II loading.
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S sotin e 020 oo lii |y (Al Y 050 9 ) 050 (5 1351
Y g\ 050 5,005 ,L cdl> 0 S 5 s olehad oloal> - L
Sl ool G F S o el
51 oael e lals - b gl cove o0 Olaslis
5 S Sk sl Glakad oS s o lis cuSs slagyge;]
Sl Ko s (@B ¥ 00 5 ) 050 (6 105 ,L slacdl>
551, ¥y ¥ (sla JS8) S5 e 48 it 51 B3 6 1, (ool
S JSD yoxi saled a5 Cenl (59,0 AT (pl 4 azg (0S
Cewd,y9 6 S ,L 51 Lol Y S 5o eald eoly ylad Sl
S u;ojb Sl S s 5l (g,late Cads (o s S
g5 pledl 5l am a5 conl Lol slag,s Jlesl J1 s ol
ol 00l Jlosl axlad 4y oo o5 1o 5l diged ol gy oSl

6‘“9)5 ools Fﬁ'@rb"’ Y-y

a5 (olge b Joow cud il in s Glp (22,8 0oke popie

b, lawg l.:ooi lasg jLd g JSo o e Sladad Glas 5 g0 Dlalad
Slmio 69y 32 OreSTb 6 5 O 9o ' samgd soae J S
Yuls))‘j oli.';.wo )I B J"W(SO OJ.‘)J ).Hoksl...a A u.ol?:.a L
S 5t obml 6l (oo /YO Hlad 4y o 4y jo0)
J).suw.a 6|)|o Sladiges dwain ¥ S ] 00 ool U)LQ.».A
ol 1y o1 L s e (55,0 Ll g waid slo el )l b ol en
S Awbu;a).».au.lm/\jv New & )_\‘).:w).vcbc‘)}w
Gl oals a8 § Ly 0 PPV g0 b plp 5o (@) S5 Jles asgly
S i Gl Gladiged CuSll Sz o) ad jslate 4
O3] @S s 385 5l Glisebl 5 alls ¥ oge (5 051 o
YJS»W‘OM)‘)SJM)AM).E)Q)%ULR.‘Qsds)fW W
2S5 Al e angly g,k Jeod Cud)b 4 by )28 il
3g0 9 BV 090 (5 I8 )L Gl o S5 s gyl Dlalad
A o slid ]y alls ¥
DAY 050 5,105 5L Il a5 S5 adgl agly s Gl
3L iz sgame plall sl e o aygly onl 0jsle 95250
(KI) \ &9.@ QJ'“"" A wj..o 445‘)).6 L_S‘)Jj AW ob‘oﬂ.z.i.'f).i.o
J.Q..ala))l).:\ d}ouwuwwfads‘so&&w‘owwbm
w Lol salgs ) @lls ¥ oge (5,105 ,L > wai (K, =+)
¥ ooge NSk Il sl S adsl gl sShe gy 58
BRI IRV R R UIP S GNP WDUUELIPE SRS 2 ) gl AR JURv |
o,Lil vgazme Lol slo oo Slds> 4 fate job a0 F-Y sy

Cot Sy QSA)'T 3 S5 G slle @ladad VS e oo

1 Two dimensional CNC machine
2 Wire-cut

0y¢£¢g



OVDA B OVFY doxio VFr v Jlo Vo 0yloud Y 093 ¢S ool SilSo i 4yl

S P g1yl Olalad gl S oy 950 gl 9 Sl b o @S Y oo
Table 2. The critical loads and the fracture initiation angles of the pre-cracked specimens experimentally achieved.
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Fig. 3. Pre-cracked specimens; (a) pure mode I loading, and (b) pure mode II loading
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Fig. 4. The load-displacement curves of the pre-cracked specimens (a) under pure mode I loading and (b) under pure
mode II loading.
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Fig. S. Typical stress-strain curves for (a) fictitious brittle material and (b) real ductile material
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Fig. 6. The load-displacement curves for (a) fictitious brittle material and (b) real ductile material
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Fig. 7. Sample mesh pattern of pre-cracked specimen under pure mode II loading: (a) the whole sample and (b) near the
crack tip
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Table 3. Average LCCs of the pre-cracked specimens together with the corresponding crack tip parameters
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Table 4. Theoretical and mean experimental values of K, /K "¢ including the percent discrepancies (4)
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Table 5. Theoretical and mean experimental values of fracture initiation angle under pure mode II loading including the
percent discrepancies (A)
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