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Abstract—In this paper, the ductile fracture of bainitic functionally graded steel has been studied. Fracture
tests was performed on U-notched specimens made of bainitic functionally graded steel under mode 1. The
averaged strain energy density criterion combined with equivalent material concept was employed to predict the
ductile fracture of bainitic functionally graded steel. For this purpose, first, based on equivalent material con-
cept, the mechanical properties of virtual brittle functionally graded steel were obtained. Then the averaged
value of strain energy density over a well-defined control volume was calculated by finite element analysis for
U-notched virtual brittle functionally graded steel. After that, the fracture loads was obtained based on the
averaged strain energy density criterion. The agreement between experimental fracture loads and theoretical

predictions was good.
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1. INTRODUCTION

Prediction of fracture in presence of stress concen-
trator parts such as notch is a significant issue in the
field of structural integrity. The stress field in the vi-
cinity of crack [1, 2] and notch tip [3] has been studied
in various contributions. In addition, three dimensional
effects on stress field have been investigated [4]. Dif-
ferent researchers proposed some approaches to pre-
dict the fracture of specimens with notches [5-13]. A
recent approach [14] based on the averaged strain en-
ergy density (SED) in a structural control volume has
attracted serious attention. This criterion was originally
proposed for prediction of fracture of brittle and quasi-
brittle materials and it was applied to different types
of notch and different fracture modes [15, 16]. Re-
cently, by using the equivalent material concept (EMC)
[17], application of the averaged strain energy density
criterion has been extended for prediction of ductile
fracture [18]. As the equivalent material concept sug-
gests, ductile material having valid fracture toughness
is equated with a virtual brittle material having the same
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elastic modulus and the same fracture toughness, but a
different tensile strength. The tensile strength of the
equivalent brittle material can be determined by as-
suming the same values of the tensile strain energy
density required for both ductile and virtual brittle ma-
terials for crack initiation [17, 18].

Recently, the averaged strain energy density crite-
rion was employed to predict the fracture of notched
specimens made of different types of materials such
as polyurethane [19], titanium alloys [20], tungsten-
copper functionally graded material (FGM) [21, 22]
and functionally graded steels [23, 24].

To predict the fracture of notched specimens made
of functionally graded materials by the averaged strain
energy density criterion, unlike homogeneous materi-
als for which the outer boundary of the control vol-
ume is a circular arc, the strain energy density is aver-
aged over a well-defined control volume which its outer
boundary is an oval arc [21-24]. In these works, the
notch depth was in brittle or semi-brittle region. There-
fore, the strain energy density approach could predict
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Table 1. Chemical composition of original ferritic and austenitic steels [23]

C, % Ni,% | Cr,% | Mo, % | Cu,% Si,% | Mn, % S, % P, %

AISI1020 ¥ 0.01 9.58 16.69 1.89 0.43 0.53 1.5 0.04 0.04

316L ¢ 0.11 0.07 0.12 0.02 0.29 0.19 0.63 0.08 0.01
Yo Yo
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Fig. 1. The fabrication scheme of the U-notched FGS specimens.

the critical fracture load precisely and it was not nec-
essary to use the equivalent material concept criterion.

In this paper, ductile fracture of bainitic function-
ally graded steel (FGS) is studied. In the experimental
program, bainitic functionally graded steel was pro-
duced by electroslag remelting (ESR). The experiments
was carried out on U-notched specimens under mode I
loading condition. In the theoretical section, equiva-
lent material concept combined with the averaged strain
energy density criterion in functionally graded mate-
rials was employed to predict the ductile fracture of
bainitic functionally graded steel. The accuracy of the
predictions was acceptable.

2. EXPERIMENTAL PROCEDURE

Fracture experiments were carried out on bainitic
functionally graded steel. The fabrication procedure
of this material has been explained in elsewhere [23].
The chemical composition of the two materials is sum-
marised in Table 1. Figure 1 shows the fabrication
scheme of the functionally graded steel.

Figure 2 shows the Vickers microhardness profile
of the affy composite.

The affy specimens drawn from the ingots were
90 mm in length, 18 mm in width and 9 mm in thick-
ness. The geometry is in agreement with ASTM E1820
for the crack arrester configuration. A U-notch was
drawn from ferritic steel side of each specimen with a

notch root radius of 1 mm. Three different notch depths
of 9, 11 and 14 mm were considered in the experiments.

To measure the critical fracture load, three-point
bending load was used. The span length between two
supports was set to be equal to 72 mm. The load was
applied normally to the interface layers at the notch
bisector line in order to obtain mode I loading condition
(Fig. 3). The tests were performed by a ZWICK 1494
testing machine under load displacement control with
constant displacement-rate of 1 mm/min. The load-
displacement curves were recorded and used to obtain
the critical fracture load.

3. MECHANICAL PROPERTIES

The mechanical properties of single phase steels
present in the considered functionally graded steels
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Fig. 2. Vickers microhardness profile versus width in oy func-
tionally graded steel.
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Fig. 3. Notched beam specimen geometries (dimensions are in mm).

are summarized in Table 2 [24, 25]. As is stated in
[23], the thickness of the bainitic layer is approximately
equal to 2 mm. In addition, the thickness of o and y
graded regions are 2.5 and 3.5 mm, respectively. More-
over, the thickness of the original ferritic ¢ and the
original austenitic layers ¥ are 4.5 and 5.5 mm, respec-
tively. The mechanical properties (ultimate tensile
strength and plain strain fracture toughness) of o and
y graded regions can be described by using exponential
function as follow:

x—4.5. (o )ﬁ
25 (Oy)q
Ot (x)(oc) = (Gut )oco € ‘s (1)
);7—59]]1((6ut ))VO
. Oy
Out (x)(y) = (Gut )ﬁe e ’ (2)
s
ch (x)((x) = (ch )(xo e e > (3)
);7—59]]1((11((& ))VO

where (6,),, > (0, )p and (6,,),, are the ultimate ten-
sile strength corresponding to o, and y,, respec-
tively, and (ch)(xo’(ch)B and (ch)YO are the plane
strain fracture toughness corresponding to oy, 3 and
Yo» respectively, as shown in Table 2.

4. FRACTURE CRITERION BASED ON
AVERAGED STRAIN ENERGY DENSITY
(ASED) IN FGMS AND EQUIVALENT
MATERIAL CONCEPT

According to the averaged strain energy density cri-
terion, brittle fracture occurs when the averaged value

of the strain energy density over a well-defined con-
trol volume reaches a critical value W, [14]:

2

(o)
W.o=—ut, 5
c=5F 5

The critical length R, can be evaluated as follow
under plane strain conditions [26]:
2
1+v)(5-8v)[ K
g, = L3VC=8Y) V)[AJ , (©)
4n

(9

ut
where K, is the fracture toughness, o, is the ulti-
mate tensile stress and v is the Poisson’s ratio.

For an embedded crack or notch in a FGM speci-
men, it is assumed that the properties of the material
in which the crack or notch tip is placed plays a key
role in initiation of fracture of the specimen. Accord-
ingly, the criterion states that fracture initiates when
the averaged value of strain energy density over a well-
defined control volume reaches the corresponding to
the notch tip value of /¥,. In a nonhomogeneous me-
dium with a smooth unidirectional variation of me-
chanical properties in the direction x (along the notch
depth), the value of W, can be determined as follow
[23]:

2
W, = Out (a)’ (7)
2E(a)
where a is the notch depth.

Unlike homogeneous materials, in functionally
graded materials due to a gradual change in material
properties, the outer boundary of control volume is no
longer a circular arc, but rather an oval arc is assumed.
This notion has been used in a number of previous
studies on fracture of notched specimens made of func-

Table 2. Mechanical properties of single phase steels present in the considered functionally graded steels [25]

Yield stress Ultimate tensile Fracture Poisson’s Elasticity | Area undeir
6., MPa strength toughness ratio v modulus E, |stress-strain | G gy, MPa
Y O,> MPa Ky, MPam®? GPa curve, MPa
Ferrite 245 425 45.72 0.33 207 71.4 5437
Bainite 1025 1125 82.08 0.33 207 120.2 7054
Austenite 200 480 107.77 0.33 207 155.6 8026
PHYSICAL MESOMECHANICS Vol.22 No.3 2019
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tionally graded materials [21, 22, 27]. For a U-notched
functionally graded material specimen with a material
variation in the direction x under mode I, the outer
boundary can be determined by a numerical approach
using the following equations. For more details please
see Ref. [23]:

x=a—-p/2+(R,(x)+p/2)cosH,

y:(Rc(x)+p/2)Sin9, (8)
R, (x) = LV -8V [ Ky ) Jz,
4m Oyt (x)

where x and y are the coordinates of a point on the
outer boundary, 0 is the corresponding angle to that
point, a is notch depth, and R, (x) is the critical length
as a function of coordinate x.

The mentioned criterion has been used in different
investigations to predict the fracture of notched speci-
mens made of functionally graded materials [21-23].
However, in this study, as the notch root has been lo-
cated in a very ductile region, the mentioned criterion
cannot give reasonably accurate results. So, the men-
tioned criterion is modified by using equivalent mate-
rial concept [17, 28]. As is proposed by Torabi [17], a
ductile material having valid fracture toughness is
equated with a virtual brittle material having the same
elastic modulus and the same fracture toughness, but
different tensile strength. The tensile strength of the
equivalent brittle material can be determined by as-
suming the same values of the tensile strain energy
density required for both ductile and virtual brittle ma-
terials for crack initiation:

2

o

u;—EEMC = (SED)ductile . (9)
1.177
1.158
1.140
1.122
1.103
1.085
1.066
2.921x107°
2.833x107°
2.745x 1070
2.657x10°
2.569%x10°°
2.481x10°°
2393%10°°

In Eq. (9), 0 gmc 1s the ultimate tensile strength of
the virtual brittle material, £ is the elasticity modulus,
and (SED)g,qile 1S the area under stress-strain curve
of the ductile material until necking.

In this paper, the bainitic functionally graded steel
has been modelled as a virtual brittle one. To this end,
the ultimate tensile strength of single phase steels in
the virtual brittle functionally graded steel was calcu-
lated by using the values of the area under stress-strain
curves provided in Table 2. The values of the ultimate
tensile strength of single phase steels in the virtual
brittle functionally graded steel oy, have been sum-
marized in Table 2. In the virtual brittle functionally
graded steel, the ultimate tensile strength of o and y
graded regions can be described by Egs. (1) and (2),
respectively, by replacing 6, with 6, pyc. After de-
scribing the virtual ultimate tensile strengths of each
point, the control volume in the virtual brittle func-
tionally graded steel can be determined by Eq. (8) by
replacing 6, with O pvc-

5. APPLICATION OF EMC-ASED TO PREDICT
THE FRACTURE LOADS OF U-NOTCHED
FUNCTIONALLY GRADED STEEL
SPECIMENS AND RESULTS

In order to obtain the averaged value of strain en-
ergy density over the control volume, some finite ele-
ment analyses were carried out by using ABAQUS
software version 6.11. It should be noted that the
Young’s modulus (£ = 207 GPa) and the Poisson’s ra-
tio (v = 0.33) have been assumed to be constant along
the specimen width. All the finite element analyses

Fig. 4. Contour lines of maximum principal stress (a) and strain energy density for notch depth ¢ = 14 mm (b).

PHYSICAL MESOMECHANICS Vol.22 No.3 2019
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Table 3. Theoretical values of SED and fracture load £,

together with experimental results Fop

(the SED in

this table has been evaluated by applying /=1 N in finite element models)

a,mm |Gy pye, MPa | E,GPa | Wepye, MI/m® | SED, Jm® | F,. KN | F,, KN | £, /F,
8 7054 1202 0.172 26.4
9 7054 120.2 0.238 225 24.9 1.11
10 7319 129.4 0.343 19.4
1 7594 207 139.3 0.505 16.6 15.3 0.92
12 7879 150.0 0.819 13.5
13 8026 155.6 1.391 10.6
14 8026 155.6 2.523 7.9 7.08 0.90
15 8026 155.6 5.697 5.2

were carried out under plane strain conditions and lin-
ear elastic hypothesis. Eight-node elements were used
in analyses.

By applying an arbitrary load in ABAQUS the frac-
ture load can be obtained as follow:

E, SED
P |22, (10)
Eh Wc

where F,, is the applied load in the numerical model,
F,, is the theoretical fracture load, SED is the aver-
aged value of strain energy density over the control
volume and W, is the critical value of strain energy
density corresponding to the notch tip.

The notch depths from 8 to 15 mm have been con-
sidered in numerical analyses in order to assess the
effect of notch depth on fracture load. Figure 4 shows
the contour lines of maximum principal stress and
strain energy density obtained from finite element
analyses.

Table 3 summarizes the theoretical predictions and
experimental results. As can be seen from the table,
the agreement is satisfactory. The experimental and
theoretical results have been depicted in Fig. 5. As can

30 o Experimental

z 25 o results
j 20 — Numerical
] predictions
T‘s) 154
5 10+
s
= 54

0 T T T T

8 10 12 14
Notch depth, mm

Fig. 5. Comparison between experimental results and nu-
merical predictions.
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be seen from Fig. 5, the experimental and theoretical
results follow the same trend.

6. CONCLUSIONS

In this paper, equivalent material concept in con-
junction with the averaged strain energy density crite-
rion in functionally graded materials was employed to
predict the ductile fracture of bainitic functionally
graded material. The accuracy of the predictions was
reasonable.
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