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DYHKYUOHANLHO-CPAOUESHMHbIE CMAU, KOMOPble OMHOCAMCS K 2pynne (hyHKYUOHATbHO-2PAOUCHN-
HbIX MAmMepuanos, 0o1adaiowux ynpy2oniacmuiecKumMy C8OUCMEamMy, NOLyHalom u3 ayCmeHumHou
Hepoicaserowell U Manoy2iepooucmol heppumuoll cmaneu nymem 31eKMpOULIAKO80L NePeniasKu.
Ipu ucnonvzoeanuu HYHKYUOHANILHO-CPAOUCHMHBIX CIMAILEl MOJCHO YIVUUUUMb MEXAHUYECKUEe CEOll-
CmMea KOMRO3UMOG, COOePACAUUX MApMeHcUumHble U betinumnble xpynkue gasvl. IIpeocmaesnennas
ananumuyeckas Mooelb No360Js1em OYeHUMb YOapHyio snepeulo paspyuenus oopaszyos Lllapnu u3
OEUHUMHO-MAPMEHCUMHbIX CIAJell ¢ Y4emoM 3A8UCUMOCIU MedCOY YOAPHOU SHEpauell U pazmMepom
nracmuyeckoll 301vl 8 gepuiute Haopesda. CpasHUeaomcst 6eIUUUHbL YOAPHOU dHepauu 05l 00pazyos
Hlapnu u3 ¢ynkyuonanvro-epaduenmusix cmanei u 00HOPOOHO2O MAMEPUANA, COOMBEMCMBYIOWe20
co mamepuana 6oauzu eepuiunsl Haopesa. C ucnonb308anuem npoepammuo2o komniexca ABAQUS
6bINOHEHO MPeXMepHOe KOHeYHOdIeMeHnmHoe mooeauposanue oanno2o npoyecca. CoenacHo 3aKony
Xonnomana O0nsi naacmuyeckoll 30Hbl NOAYYEHbl XAPAKMEPUCMUKU MAMEPUdnd 8 pPaziudHbix e2o
cnosix. Paccmampueanocsy sxcnonenyuanvhoe usmenenue Xapakmepucmux mMamepuanda no wupuHe
obpasya. Ilpednosicennas mooenv no36015em NOLYUUMD Pe3YIbManivl, XOPOUlO CO2AACYIOWUEcs ¢
UMEIOWUMUCS IKCNEPUMEHMATbHBIMU OGHHBIMU U PE3VIbMaAmamit. KOHeUHOIIEMEHMHbIX PACYemos.

Kniouesvle cnoea: GpyHKIMOHAIBHO-TPAJAUCHTHAS CTallb, SHEPIUs pa3pylIeHUsS 00pa3LoB
[Mapnu, monoxeHue BEPIIMHBI HAApE3a, pa3Mep MIACTUYECKOH 30HBI, METOJ KOHEYHBIX
3JIEMEHTOB.

Introduction. Failure phenomena in continuum media, either solids or liquids, can be
regarded as a single physical phenomenon, which mathematically can be identified by the
fulfilment of a limit condition usually involving the stressed state of the material [1].
Functionally graded (FG) materials are the advanced materials in the family of engineering
composites made of two or more constituent phases in which the composition, structure
and/or specific properties vary continuously and smoothly in the preferred direction to
produce combinations of properties that could not be achieved through monolithic materials
composed of similar constituents. In this regard, well-known metal-ceramic FG materials
are mostly used to enhance the properties of thermal-barrier systems, because cracking or
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delamination, which are often observed in conventional multi-layer systems, are avoided due
to the smooth transition between the properties of the components [2].

Compositionally graded steels are an interesting development and a new area of
interest among steel researchers. These new materials allow for superior combinations of
strength and ductility when compared to traditional high-strength steels. Chehab et al. [3]
show the potential for developing architectured structures in steels using decarburization
method. They also show a potential for the control of instabilities such as necking or
damage and fracture events.

In addition, a special class of multiphase materials with graded microstructure can be
obtained at cryogenic temperatures as a result of smooth transition from the parent phase to
the secondary phase. The required continuously graded material features are obtained at
low temperatures via the mechanism of controlled strain-induced phase transformation
from the purely austenitic phase with face cubic centred (fcc) lattice to the martensitic
phase with body cubic centred (bcc) lattice by imposing kinematically controlled torsion on
a stainless steel bar until the material starts transforming itself close to the outside radius of
the bar [4].

More recently, other types of functionally graded steels (FGS) have been produced
from austenitic stainless steel and plain carbon steel by controlling the chemical distribution
of chromium, nickel and carbon atoms at the remelting stage through electroslag remelting
(ESR) process [5]. Studies on transformation characteristics of FGSs produced via ESR
have shown that by selecting appropriate arrangement and thickness of original electrodes
made of ferritic and austenitic steels, composites with graded ferritic and austenitic regions
together with emerged bainitic and/or martensitic layers can be obtained:

ESR
(@gyo)——(afy),
ESR
(Yoatgyo)———=(yMy),
ESR
(agy ooy o)——>(afyMy),

(@gy oY oo )i(aﬂyﬁa),

where a, and y, are original ferritic and austenitic stainless steels in the primary
electrode, respectively, a and y are ferritic and austenitic graded regions in the final
composite, respectively, and [ and M are emerged bainitic and martensitic layers in the
final composite, respectively.

In some previous studies, the tensile behavior of FGSs with different configurations
was experimentally investigated and modeled by modified rule of mixture [6]. In that work,
variation of yield strength in the graded region has been estimated by means of a linear
expression between the yield strength gradient and the Vickers microhardness profile of the
composite. In particular, Vickers microhardness profile of austenitic graded region of the
afy FGSs has been modeled utilizing the mechanism-based strain gradient plasticity
(MSG) theory [7]. Afterwards, the MSG theory was used to model the tensile strength of
FGSs [8]. The main advantage of this modified model with respect to the previous one [6]
is that the microhardness of each layer (i.e., Vickers microhardness profile) is not required
for determining the mechanical properties of the FGSs.

Other important aspects are related to the characterization of FGSs under hot-working
conditions. In [9], the flow stress of FGSs under hot compression loading was assessed by
applying constitutive equations in combination with the rule of mixture. In this paper, a
theoretical model has been proposed to assess the flow stress of bainitic ¢fy and
martensitic yMy graded steels under hot compression conditions based on the Reuss model
for the overall strains.
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The brittle or quasi-brittle static failure of U-notched plates made of yMy FGS, in
which the properties gradient is parallel to the notch depth, was studied by Barati et al. [10].
As remarked in that work, when the notch tip is placed in the transition region between
austenite and martensite layers, the fracture load in FGS is higher than that of the
homogeneous steel. On the other hand, when the notch is placed in the transition region
between martensite and austenite layers, the fracture load of the homogeneous steel is
greater than that of FGS. In that study, the Young modulus and Poisson’s ratio have been
assumed to be constant, while the ultimate tensile strength and the fracture toughness K,
vary exponentially through the specimen width. The effect of the notch depth on the critical
fracture load has also been also investigated therein.

In [11-13], the Charpy impact energy of crack divider specimens was measured
experimentally and modelled by two methods. The obtained results showed that the Charpy
impact energy of the specimens depended on the type and the volume fraction of the
present phases. In both theoretical methods, Charpy impact energy of the FGS was
considered to be the sum of the Charpy impact energy of constituent layers by means of the
rule of mixtures. One mehod correlates the Charpy impact energy of FGSs to the Charpy
impact energy of the individual layers through Vickers microhardness of the layers [11]. In
the other work, the Charpy impact energy for all layers was related to the area under the
stress—strain curve measured in plain tensile test [12, 13].

In addition, the Charpy impact energy [14—16] of both ferritic and austenitic graded
regions of afy FGS in the form of crack divider configuration has been assessed by a
same methodology proposed in previous works [11-13] and using the MSG theory. In these
works, the flow stress (yield strength and/or ultimate tensile strength) of each layer has
been related to the density of the dislocations of that layer and by assuming the Holloman
relation for the corresponding stress—strain curve, the whole stress—strain curve of that layer
were determined.

Following parallel tracks, the Charpy impact energy of FGSs produced by ESR
process in the form of crack arrester configuration has also been investigated in [17]. The
results obtained in that study for afy and yMy composites indicate that the notch tip
position with respect to the bainite or martensite layer significantly affects the Charpy
impact energy of FGSs. The closer the notch tip to the tougher layer (median bainitic or
martensitic layers), the higher is the Charpy impact energy of the composite due to
increment of energy absorbed by the plastic deformed zone ahead of the notch and vice
versa [17].

As stated in [17] for arrester configuration, no precise mathematical modelling was
presented to correlate the Charpy impact energy of FGSs to the morphology of each layer.
This is an actual gap in the literature. The main aim of the present work is to fill this gap
and provide a new analytical model for the assessment of the Charpy impact energy of
FGSs in the form of crack arrester configuration. Moreover, three-dimensional finite
element (FE) analysis by ABAQUS software was performed to simulate the Chapry impact
energy process of FGS specimens in the form of crack arrester configuration. Since the
most plastic deformation has been concentrated on the notch tip zone, the notch tip area has
been partitioned with a fine mesh. The stress—strain curve of layers in functionally graded
composite corresponding to partitions in FE model, was obtained from MSG theory and
was fed into the model as constitutive behavior. The outputs of the proposed model for
different notch tip positions of afy and yMy FGS are compared with the experimental
results taken from the recent literature and those obtained from the simulation.

1. Analytical Model. In investigation of Charpy impact response of FGS, there are
two common configurations consisting of crack divider and crack arrester forms as
illustrated in Fig. 1a and 1b, respectively. Crack divider configuration is the case where the
plane which contains the notch tip is perpendicular to the layers, and crack arrester
configuration is the case where the plane which contains the notch tip is parallel to the layers.

142 ISSN 0556-171X. IIpobnemsr npounocmu, 2014, Ne 5



The Effect of Notch Tip Position on the Charpy Impact Energy ...

a b
w P
N P ¢
E1 2mm
- i
n p=0.25mm
=
e SSum ——
B=10mm
C

Fig. 1. The schematic representation of configuration of composite Charpy test specimens in the form
of crack divider (a) and crack arrester (b); the geometry of Charpy specimens (c).

In [17], the effect of the distance between the notch tip and the position of the median
phase on the Charpy impact energy is investigated. The results show that in the transition
region between original ferrite and bainite layer of afy composite, when the notch apex is
close to the median layer, the impact energy reaches its maximum value due to the
increment of the absorbed energy by plastic deformation ahead of the notch tip (i.e.,
positive toughness slope; see Fig. 2a). On the other hand, when the notch apex is far from
the median layer, the impact energy strongly decreases. While, in the transition region
between original austenite and bainite layer of ¢fy composite as well as in the transition
region between original austenite to martensite layer of yMy composite, when the notch
apex is close to the median layer, the impact energy reaches its minimum value due to
decrease of the absorbed energy by plastic deformation ahead of the notch tip (i.c., negative
toughness slope; see Fig. 2b).
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Fig. 2. Comparision between notch tip plastic zone of homogeneous medium and graded one
positive (a) and negative (b) toughness slope.
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Due to the lack of explicit equations to determine absorbed energy in the Charpy
impact test, we attempt to propose a model regarding empirical relationships that have been
determined to correlate the Charpy impact energy of monotonic materials to the other
characteristic properties. To this end, the relationships between Vickers microhardness and
the Charpy impact energy, as well as expression between the fracture toughness, yield
strength and Charpy impact energy are considered as follows [18-20]:

cr

CV=C, —+C,,
1y T62 (1
cv ,
C307+C4=ﬁ(KIc/OY )%, )
Y

where CV denotes Charpy impact energy and VH stands for Vickers microhardness, K,
and oy are the fracture toughness and yield strength, respectively, and ', C;, C,, Cj,
and C, are material constants.

By attention to the linear relationship between the Vickers hardness and the yield
strength [6, 21], it can be seen that the right-hand side of Eq. (1) can be explicitly expressed
as a function of the term (K. /oy )2 according to Eq. (2). Now, the combination of Egs. (1)

and (2) allow us to suppose that the Charpy impact energy is proportional to (K./oy )2

term. On the other hand, the radius of plastic region in the vicinity of crack tip [see Eq. (3)],
r,, is proportional to (K, /oy )2 (see [20])

2
, =a’(§:’) cosz(Z)[(l_ 2V)2+3sin2(2)}, (€)

where v is Poisson’s ratio and ¢’ is a constant. Note that Eq. (3) is valid for the plastic
radius of a homogeneous material under plane strain conditions and mode I loading
considering the von Mises yield criterion.

Consequently, the simple relationship between the Charpy impact energy and the size
of the plastic region can be written in the following form:

CV=Nr,+N,, 4)

where N, and N, are constants, which depend only on the material. Equation (4) is the
basis of the proposed model because it shows the proportionality between the Charpy
impact energy and the size of the plastic region in the vicinity of crack tip.

For the purpose of modeling the Charpy impact of a functionally graded composite,
the graded layers has been divided into thin elements with the homogeneous properties. As
explained earlier, the Charpy impact energy of a homognous material is related to the radius
of the plastic zone with Eq. (4). This relation could be developed for graded materials.
Therefore, we suppose that the Eq. (4) is acceptable for a graded region as follows:

CV(x)=N{%r, (x)+ N5 (5)
FGS

The constants N and N 5 U5 will be determined according to the boundary

condition:
X=X =>CV=CV(]), ry=ry(1), (6)

X=X =>CV=CV(2), I’y=}"y(2).
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Equation (3) shows that the plastic region size varies as a function of the angle 6. In
order to eliminate the effect of the angle on the size of the plastic region, the following
equation is proposed here to assess the Charpy impact energy of the graded region:

CVig = NI + (QFG) (CVy = N5, 7)
Qy

According to Eq. (7), the Charpy impact energy of a FGS, CVp, depends on the
distance of the notch tip from the middle phase, d, and on the type of the considered
composite. The term CV;; is the Charpy impact energy of the element containing the
notch tip, €2, is the area of the plastic region for a homogeneous specimen composed
exclusively of the material forming the element containing the notch tip, Q. is the area
of the plastic region for a FGS specimen, in which the mechanical properties vary along the
direction of the notch bisector line, and N2 is a constant that was determined by
imposing the appropriate boundary conditions.

In order to determine the profile of the notch tip plastic region, a specimen shown in
Fig. 3 with the notch depth a=2 mm and the notch opening angle 2a=45° with
accordance to the Charpy standard test specimen has been considered.

Specimen edge (phase 1)

ith element

~~
o~
[
g
=
S
=
=
o]
—
8
]
=
[
=

Fig. 3. The schematic representation profile of the notch tip plastic region for the crack arrester
configurtaion of FGS.

The yield strength oy, and fracture toughness K;. have been supposed to vary
exponentialy along the notch bisector line (i.e., x-direction in Fig. 3)

[ Ko |
K@= Koo dxaln( o | ®)
o _ X Oy (2 ]
y (X)=(0y ) exp d+aln 70”1) . )

In Egs. (8) and (9), x is the distance of the element from the specimen edge and
indices 1 and 2 are related to the mechanical properties of the specimen edge and the
middle bainitic phase, respectively (see Fig. 3). It is clear that yield strength and the
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fracture toughness of the elements ahead of the notch tip could be obtained using ¢ = 2mm
in the Egs. (8) and (9). Therefore, considering the Egs. (3), (8), and (9), the areca
surrounding the plastic region ahead of the notch tip for the homogeneous material could be
obtained as follows:

O=mn
Q =2(~ [y 0)d6|=
20=0

4 5 4
(K. 2 2Dy
=a () f(0) do=a () exp[4a(Dy — Dy)1y, (10)
Oy 09=0 D3

in which

1 Kic(2) 1 Oy (2
D1=KIC(1)’ D2=d+a1n( N D3=OY(1), D4=d+a1n N

K Iy ()
z 0 o)’
I, =f{cos2[(1— 2V)2+3sin2} do.
0 2 2

The value of angular integral /; is independent of the composite type, as well as the
distance d, and it is equal to 2.2594 for all cases.

Since (K1, /0y ) varies for different elements, the effect of angle and position must

be considered to determine the area surrounding the plastic region ahead of the notch for
the graded specimen €2p;. For example, an element with the distance x(;) from the

specimen edge called the ith element with the radius 7;;) and the angle of the plastic

region boundary [0 ;)] is shown in Fig. 3. Considering Eq. (3), rzg(;) Is calculated as
follows:

1rG(y = ¢ H(xy) f(0))s (11)
where

2 2
Kre o)) _ (D1 .
oy () ) _(Ds) o2 (P2 = Da)l (12)

H(x(y)= (

0, 0,
f=cos2((21))l(l— 2v)2+3sin2((2”ﬂ, (13)

where K. (x(;)) and oy (x(;) are the fracture toughness and the yield strength of the ith
element, respectively.

Moreover, with reference to the Fig. 3, Eq. (14) correlates the radius, the angle of the
plastic region and the position of the ith element as follows:

X(i) —a= rFG(i) COS(O(i) ) (14)
By combination of Egs. (11) and (14), one obtains

)C(i) —d
H(x(i) )
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In order to simplify the calculation, we consider exp(x)= 1+x+0(x2) for the

function H in Eq. (12) utilizing Taylor series and neglecting the higher-order terms.
Therefore, x(;y is calculated from Eq. (15) in terms of 6 ;) as follows:

a+ A
X(i) = m: (16)
where
2

' Dl
A=« (D) f((9(l) )COS(G(Z-) ), (17)

3

D 2

B=a (D;) (Dy =Dy ) f(0;y )cos(0 iy ) (18)

Now, substituting x(;) from Eq. (16) into Eq. (11), 7zg;) in terms of 6, is
obtained as follows:

2
_ (Dy 2(a+A)
176 (0 ) )=a (D3) SOy )[HI—ZB (Dy=Dy )}- (19)
By integration from Eq. (19), Qy; is determined as follows:
7 D 4
_ 2 o2 1 2
QFG_frFG(G)dG—a (D) {1 +(Dy =Dy )l +(Dy— Dy ) I3} (20)
0 3
The angular integrals /, and /5 in Eq. (20) are as follows:
~ a@+ay( 50 ) , 07\
Iy=]{———— —|(1=2»)"+3sin” — de,
2 _{;{ — 2B cos 2[( V) sin 2} 1)
T\ (2a+24\( 9[ 5 s 0] :
I3 = —|(1=2v)" +3sin” — do.
3 {{( 1—28 ) cos 5 ( V) sin > (22)

Note that /, and /5 contain the parameters 4 and B, which are related to the
boundary condition of composites [see Eqs. (17) and (18)]. Therefore, the values of 7,
and /; must be calculated for different types of graded regions. Moreover, the values of

these integrals are independent of the notch tip position. Meanwhile, the constant N 5 s

is calculated as follows:

NFGS 1) Vi)
2 = .

23
Ty = (@) @)

Finally, substituting Egs. (10), (20), and (23) into Eq. (7), the impact energy of FGS is
obtained as follows:
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2
ch(l)
Oy Oy (2)
CVFG = +

2 2
Ky _ K2
Oy() Oy (2

K2

1/2
(K | v || s | K | /1 9ve
1
N d+a Kieqy Oy (a’+a)2 Kieqy Oy (1)
r 4a/(d+a)
; Kic2) Oy(2)
N —— e
_chm Ty (1)
2 2
Ky K2
Iy Oy(2)
x|cvy, — (24)

(ch(l) ]2 (ch(z) ]2
Ty Ty @

According to Eq. (24), the Charpy impact energy of FGS is obtained as a function of
the notch depth, the notch tip position and the boundary condition of the region that
conclude the notch tip. In this paper, Eq. (24) has been used to determine the Charpy
impact energy of two kinds of FGS with different notch tip positions, while the notch depth
is kept constant.

2. Finite Element Analysis. The commercial finite element analysis software
ABAQUS 6.11 is employed to simulate the Charpy impact process. The geometry and
dimension of the studied notched specimen is in accordance with the Charpy standard
impact test as illustrated in Fig. lc.

In the studied FGS, the elastic properties, as well as mass density, are considered to be
constant in the whole composie, while the gradient will appear in the plastic part of the
stress—strain curve. Therefore, the whole specimen except the notch tip zone in which
considerable plastic deformation occurs, has been considered to be homogeneous with
elastic properties. The notch tip region, which contains the most plastic deformation, has
been partitioned in the properties’ gradient direction (Fig. 4a). The stress—strain curve of
each layer in the partition has been obtained by the procedure explained in [16]. In this
method, Hooke’s law and the Holloman model are used to describe the elastic and plastic
parts of stress—strain curve, respectively. Moreover, the yield strength, the ultimate strength
and the strain hardening exponent were considred to vary exponentially in the graded
region.

The values of the Young modulus, Poisson’s ratio, and mass density were considered
to be constant for all partitions as 207 GPa, 0.33, and 7800 kg/m3 , respectively. The
C3DS8R cubic elements were joined together to build the standard Charpy impact specimen,
and a tiny mesh in the notch tip region was considered to have the maximum accuracy
(Fig. 4b).

The distance between the supports were considered to be 40 mm in accordance with
Charpy standard test. Also, a hammer was modeld with a rigid body of 20 kg weight.
Figure 5 shows the simulated model of the process. Moreover, the dynamical loading was
selected with the 5.42 m/s velocity of the hammer such that the initial energy of the
hammer was 300 J in accordance with the Charpy standard test.
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Fig. 4. The simulated model in the ABAQUS software: (a) the partition around the notch; (b) mesh
around the notch.
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Fig. 5. Three dimentional FE model of the Charpy impact process.

The energy transferred to the Charpy specimen during impact is dissipated and stored
in different forms. In general, the total absorbed energy in the Charpy test can be
considered as summation of the dissipated energy due to the plastic deformation and the
necessary enegy to propagate the crack until fracture. This condition could be observed in
the tests performed on the notched and cracked specimens (like the Charpy standard test).
In the Chapry impact test, the main part of the plastic deformation is supposed to occur
around the notch tip before the crack initiation, while with the crack propagation until
fracture may be considered to be elastic. Therefore, the Charpy impact energy can be
presented as follows [22]:

ar= Eplastic + Efmcture ’ (25)

where E ... 1s the dissipated energy due to the plastic deformation, and E 4., is the
absorbed energy from the crack initiation in the notch tip until the fracture.

2.1. Determining the Crack Initiation Energy. Different criteria have been presented to
predict the critical load for the notched specimens. Most of these criteria are usefull for
brittle and quasi-brittle materials to predict the critical fracture load. These criteria can be
used to determine the critical load (i.e., the load related to the crack initiation) for ductile
materials. In the present work, the point stress (PS) criterion is used to determine the crack
initiation point.
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The PS criterion implies that fracture takes place when the circumferential stress o gg
at a specific critical distance 7. from the notch tip reaches to its critical value (ogg ).. The
critical value (oy ), can be taken to be equal to the ultimate tensile strength of the
materilas, and the critical distance is calculated as follows [23]:

| (KIC )2
=—| = (26)

2r \oyrs

where the fracture toughness K. and the ultimate strength oy7g are the material
properties. Therefore, the critical distance 7, is independent of the notch geometry. Since
the mechanical properties of the FGS vary in the width direction, the critical distance 7,

[Eq. (26)] is derived from the following expression:

2
rc=x0—a=l(KIc(xO)) , (27)
2 \oyrs (Xo)

in which a=2mm is notch depth and x, is a distance between the critical point and the
specimen edge. Solving Eq. (27), the values of x, and thereby 7, would be obtained. In
the simulated model, the loading of the specimen was increased gradually until the
circumferential stress (i.e., stress component in direction perpendicular to notch bisector)
for an element at distance 7. from the notch tip equals to the critical stress related to the
material including notch tip in the FG specimen.

2.2. Determining the Crack Propagation Energy. In order to obtain the necessary
energy related to the fracture of the specimen under mode I loading, a crack must propagate
to create a crack surface 4, in Fig. 6. Mathematically, the area 4, would be obtained
from the integration of the element d4 = Bdx from x=a to x= w, in which dx is the
thickness of the element dA, while a, B,and w are the notch depth, specimen thickness
and specimen width, respectively, as illustrated by Fig. 6.

Fig. 6. The fracture area of the notched specimen.

With this assumption, the absorbed energy from the crack inititation time until the
fracture time could be obtained utilizing the critical value of strain energy density as
follows:
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aw
Eﬁacture = f () (Bd4), (28)
A/» c

dv

where (dW/dV'), is the critical value of strain energy density to create the fracture area
dA. The critical value of strain energy density depends on the materilas properties and can be
expressed as follows [24]:

aw 1 oLz,TS
(dV)C_Z E (29)

Now, substituating Eq. (29) into Eq. (28) and considering the constant Young modulus
in the composite, and exponential variation of the ultimate strength along the specimen
width, Eq. (28) is transformed to the following equation:

B? ofrs  d+a 2(w—a) . (Ours(2)
Efracture = ? 4 eXp d+ In — 1. (30)
In OuTs(2) a Ours (1)
Ours (1)
3. Results.

3.1. The Comparision between the Charpy Impact Energy of FG and Homogeneous
Steels. In order to investigate the properties’ gradient on the Charpy impact energy of
composite, the variation of the Charpy impact energy for the FG steel CVy; versus the
notch tip position obtained by Eq. (24) has been compared with those for the homogeneous
steel with the same mechanical properties of the notch tip, CVy. The mechanical
properties of the boundary layers of the studied FGSs are shown in Table 1.

Table 1
The Mechanical Properties of the Single Phase Steels in the FGSs [6, 11, 25]
Mechanical property Fracture Yield Ultimate Charpy
toughness strength tensile strength | impact energy

(MPa - m®3) (MPa) (MPa) V)

Original ferrite 45.72 245 200 64
Original austenite 107.77 200 480 140
Single-phase bainite 82.08 1025 1125 108
Single-phase martensite 6.09 1440 1480 11

The variations of the Charpy impact energy vesus the notch tip position in different
graded regions for both FG and homogeneous steels are given in Tables 2—4.

As Tables 2—4 show, in the austenitic region of both afy and yMy composites, the
impact energy of FG steel is less than that of a homogeneous steel with the same
mechanical properties of the notch tip. This is due to the fact that the surrounding area for
the notch tip plastic zone of the homogeneous steel is larger than that of the FG steel.
Whereas, for ferritic region of afy composite, the impact energy of FG steel is larger than
that of homogeneous steel because the surrounding area of the notch tip plastic zone of the
FG steel is larger than the homogeneous steel. The maximum difference between the impact
energy of the homogeneous and the FG steel was found about 26 J for the austenitic region
of yMy composite.
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Table 2

The Variation of the Impact Energy of the ¢fy FG and Homogeneous Steels
with the Same Mechanical Properties of the Notch Tip of FG Specimen
Versus the Notch Tip Position when the Notch is in the Ferritic Region

The distance Charpy impact energy | Charpy impact energy | CVpg —CVy -100. %
from notch tip of FG steel of homogeneous steel CVy ’
to median layer CVig,J CVy,J

of FG specimen (mm)

1 2 3 4

0 110.7294 108.0000 +2.52722
0.0001 110.0447 107.2787 +2.57826
0.0002 109.3001 106.4935 +2.63547
0.0003 108.4990 105.6476 +2.69896
0.0004 107.6452 104.7448 +2.76895
0.0005 106.7420 103.7885 +2.84563
0.0006 105.7930 102.7823 +2.92922
0.0007 104.8016 101.7295 +3.01994
0.0008 103.7714 100.6336 +3.11800
0.0009 102.7060 99.4985 +3.22362
0.0010 101.6087 88.3275 +3.33699
0.0011 100.4832 97.1243 +3.45833
0.0012 99.3329 95.8925 +3.58783
0.0013 98.1615 94.6357 +3.72569
0.0014 96.9724 93.3575 +3.87208
0.0015 95.7692 92.0618 +4.02716
0.0016 94.5555 90.7520 +4.19105
0.0017 93.3347 89.4320 +4.36385
0.0018 92.1104 88.1055 +4.54565
0.0019 90.8863 86.7762 +4.73645
0.0020 89.6658 85.4478 +4.93624
0.0021 88.4525 84.1243 +5.14496
0.0022 87.2499 82.8093 +5.36238
0.0023 86.0616 81.5068 +5.58834
0.0024 84.8913 80.2204 +5.82252
0.0025 83.7424 78.9542 +6.06449
0.0026 82.6185 77.7120 +6.31372
0.0027 81.5233 76.4977 +6.56958
0.0028 80.4601 75.3152 +6.83119
0.0029 79.4327 74.1684 +7.09769
0.0030 78.4445 73.0614 +7.36795
0.0031 77.4992 71.9981 +7.64069
0.0032 76.6003 70.9824 +7.91446
0.0033 75.7514 70.0186 +8.18760
0.0034 74.9560 69.1104 +8.45828
0.0035 74.2176 68.2621 +8.72449
0.0036 73.5399 67.4777 +8.98402
0.0037 72.9264 66.7613 +9.23451
0.0038 72.3806 66.1171 +9.47343
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Continued Table 2

1 2 3 4
0.0039 71.9062 65.5491 +9.69815
0.0040 71.5065 65.0616 +9.90593
0.0041 71.1853 64.6587 +10.09400
0.0042 70.9461 64.3446 +10.25960
0.0043 70.7923 64.1236 +10.39991
0.0044 70.7279 64.0000 +10.51241

Table 3

The Variation of the Impact Energy of the yMy FG and Homogeneous Steels
with the Same Mechanical Properties of the Notch tip of FG Specimen
Versus the Notch Tip Position when the Notch is in the Austenitic Region

The distance Charpy impact energy | Charpy impact energy | CVig —CVy -100. %
from notch tip of FG steel of homogeneous steel Cly ’
to median layer CVig,J CVy,J

of FG specimen (mm)

1 2 3 4

0 10.9266 11.0000 —0.66768
0.0001 12.8112 13.0115 —1.53913
0.0002 14.7872 15.1374 —2.31323
0.0003 16.8498 17.3745 —3.01396
0.0004 18.9944 19.7156 —3.65788
0.0005 21.2161 22.1594 —4.25685
0.0006 23.5102 24.7006 —4.81956
0.0007 25.8717 27.3348 —5.35254
0.0008 28.2958 30.0574 —5.86076
0.0009 30.7776 32.8638 —6.34811
0.0010 33.3122 35.7494 —6.81764
0.0011 35.8946 38.7095 —7.27181
0.0012 38.5200 41.7392 —7.71261
0.0013 41.1835 44.8337 —8.14166
0.0014 43.8799 47.9878 —8.56030
0.0015 46.6046 51.1967 —8.96964
0.0016 49.3524 54.4552 —9.37064
0.0017 52.1184 57.7579 —9.76405
0.0018 54.8977 61.0997 —10.15060
0.0019 57.6853 64.4751 —10.53100
0.0020 60.4762 67.8787 —10.90550
0.0021 63.2657 71.3049 —11.27440
0.0022 66.0484 74.7480 —11.63860
0.0023 68.8196 78.2023 —11.99800
0.0024 71.5743 81.6621 —12.35310
0.0025 74.3075 85.1212 —12.70400
0.0026 77.0141 88.5739 —13.05110
0.0027 79.6893 92.0139 —13.39430
0.0028 82.3280 95.4351 —13.73410
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Continued Table 3

1 2 3 4
0.0029 84.9253 98.8313 —14.0704
0.0030 87.4761 102.1960 —14.4036
0.0031 89.9755 105.5227 —14.7335
0.0032 92.4184 108.8049 —15.0605
0.0033 94.7999 112.0360 —15.3844
0.0034 97.1149 115.2092 —15.7056
0.0035 99.3586 118.3177 —16.0239
0.0036 101.5257 121.3544 —16.3395
0.0037 103.6113 124.3124 —16.6525
0.0038 105.6104 127.1845 —16.9628
0.0039 107.5182 129.9634 —17.2704
0.0040 109.3293 132.6418 —17.5755
0.0041 111.0388 135.2121 —17.8781
0.0042 112.6419 137.6671 —18.1781
0.0043 114.1342 140.0000 —18.4756

Table 4

The Variation of the Impact Energy of the ¢y FG and Homogeneous Steels
with the Same Mechanical Properties of the Notch Tip of FG Specimen
Versus the Notch Tip Position when the Notch is in the Austenitic Region

The distance Charpy impact energy | Charpy impact energy | CVig —CVy -100. %
from notch tip of FG steel of homogeneous steel CVy ’
to median layer CVig,J CViy,J

of FG specimen (mm)

1 2 3 4

0 105.9612 108.0000 —1.88775
0.0001 106.3290 108.3908 —1.90219
0.0002 106.7901 108.8828 —1.92195
0.0003 107.3330 109.4640 —1.94679
0.0004 107.9467 110.1232 —1.97641
0.0005 108.6208 110.8495 -2.01051
0.0006 109.3457 11.6327 —2.04872
0.0007 110.1121 112.4633 —2.09066
0.0008 1109115 113.3322 —2.13594
0.0009 111.7358 114.2308 —2.18419
0.0010 112.5777 115.1513 —2.23501
0.0011 113.4305 116.0866 —2.28805
0.0012 114.2878 117.0298 —2.34294
0.0013 115.1443 117.9750 —2.39936
0.0014 115.9948 118.9166 —2.45698
0.0015 116.8350 119.8499 —2.51555
0.0016 117.6611 120.7707 —2.57478
0.0017 118.4699 121.6754 —2.63447
0.0018 119.2589 122.5612 —2.69441
0.0019 120.0261 123.4258 —2.75443
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1 2 3 4
0.0020 120.7702 124.2676 —2.81441
0.0021 121.4903 125.0856 —2.87426
0.0022 122.1864 125.8796 —2.93389
0.0023 122.8592 126.6502 —2.99330
0.0024 123.5094 127.3982 —3.05248
0.0025 124.1391 128.1257 —3.11150
0.0026 124.7504 128.8351 —3.17044
0.0027 125.3465 129.5296 —3.22944
0.0028 125.9308 130.2131 —3.28867
0.0029 126.5075 130.8902 —3.34836
0.0030 127.0817 131.5665 —3.40877
0.0031 127.6587 132.2480 —3.47021
0.0032 128.2446 132.9415 —3.53305
0.0033 128.8463 133.6548 —3.59770
0.0034 129.4709 134.3960 —3.66462
0.0035 130.1267 135.1745 —3.73432
0.0036 130.8222 136.0002 —3.80733
0.0037 131.5667 136.8836 —3.88425
0.0038 132.3702 137.8364 —3.96570
0.0039 133.2432 138.8707 —4.05234
0.0040 134.1972 140.0000 —4.14483

3.2. Validation of the Analytical Model for FG Composite. In this paper, the FE
analysis has been carried out to evaluate the accuracy of the analytical model. For example,
when the notch tip is located in ferritic region of afy composite with 2 mm distance from
the bainitic layer, the circumferential stress (i.e., S;; in simulated model) in the deformed
specimen is shown in Fig. 7. Due to symmetry, only a half of the model is shown.

4

5, 51

Chug: 75%)
+0,772e4+02
+0.05Ze+0Z
+6.3326102
+4.702e+02
+3.012e+02
+1,222e402
-2.685=+01
-2.059m+02
-5, 490+02
-5.939=+02
-7 129m+02
-B.d198+02
-1,051s+03

Fig. 7. The FE model after loading.

ISSN 0556-171X. Ilpobremvr npounocmu, 2014, Ne 5 155



J. Eskandari Jam, M. Abolghasemzadeh, H. Salavati, and Y. Alizadeh

Notice that for this case, by solving Eq. (27), x, is obtained 0.003052 mm and then
the crtical distance would be 7. = 1.051805 mm. This means that the specimen deformation
continues till the oy, at the distance of 1.051805 mm from the notch tip reaches to the
ultimate strength of the notch tip in the FG specimen. If this time is considered as the crack
initiation point, the total energy of the specimen up to this time may be considred as the
plastic dissipated energy E ;.. Moreover, the fracture energy E ;. Wwould be
4.46223 J by solving the Eq. (30). Therefore, the Charpy impact energy CVp; would be
89.6675 J according to the Eq. (25).
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Fig. 8. The comparison between the Charpy impact energy obtained by the analytical model with
FEM outputs and experimental ones when the notch tip is located at: (a) the ferritic region of the afy;
(b) the austenitic region of the afy; (c) the austnitic region of the yMy.
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The results of the analytical model for ¢fy and yMy FGSs versus the different
position of the notch tip, as well as the finite element method (FEM) outputs, have been
compared in Fig. 8. Moreover, the experimental values of the impact energy for four
different notch tip positions have been cited from [17] and depicted by circular symbols in
Fig. 8.

As this figure shows, there is a good agreement between the analytical model results
with FEM outputs and experimental ones.

Conclusions. In this research, the Charpy impact energy of bainitic and martensitic
FGSs produced via ESR process has been investigated both analyticaly, and by three-
dimentional FEM simulation. The main findings of the paper are listed below:

1. An analytical model has been obtained to predict the Charpy impact energy of the
FGS versus the notch tip position by correlating the Charpy impact energy of composite to
the size of the notch tip plastic region.

2. The results show that in the transition region from original ferrite to median bainite
layer of the afy FGS, the impact energy of the FG steel is higher than that of
homogeneous steel with the same mechanical properties of the notch tip and for other
regions the opposite situation is observed.

3. The results of the model were compared with the FEM results and the experimental
ones taken from the literature. The sound agreement was found that demonstrated the
proposed model potentials as a powerfull tool to predict impact behavior of FG steels.

Pe3zwome

OyHKITIOHATHHO-TPAIIEHTHI CTali, [0 BiTHOCATHCS 10 TPYIH (PYHKITIOHAIEHO-TPATi€HTHAX
MaTepiamiB i3 MPY)KHO-IUIACTUIHUMHE BJIACTUBOCTSAMH, OTPUMYIOTH 13 HEpkaBirouoi cTaii
LIJISIXOM eJIeKTPOILIAKOBOI neperuiaBku. [Ipun BUKOpUCTaHHI (YHKI[IOHAIBHO-TPAIIEHTHUX
CTajlell MOKHO TIOJIIIIIUTH MEXaHIYHI BJIACTHUBOCTI KOMIIO3UTIB 13 MapTEeHCHTHHMH 1 Oei-
HITHAMH KPUXKHMH (a3aMu. 3alpOIOHOBAaHA aHAJIITHYHA MOJENb J03BOJISE OLIHUTH yaap-
HY C€Heprito pyitHyBaHH: 3pa3kiB [llapri 3 OCiHITHO-MapTEHCUTHUX CTaJIeH 3 ypaxyBaHHAM
3aJISKHOCTI MK yJApHOIO EHEpri€lo i po3MipoM IDIACTUYHOI 30HHM Yy BEpIIMHI HAIPI3y.
[TopiBHIOIOTBCS BEIMYMHU yIapHOI eHeprii s 3pas3kiB Lllapni 3 pyHKIIOHAIBHO-Tpa/Ii€HT-
HUX CIUIABIB Ta 3 OJHOPIIHOIO Martepiaiy, 10 BIINOBIAAE MIapy Marepiany Oiist BepIIUHU
Hazpizy. [3 BukopucTanHsM mporpamHoro kommiekcy ABAQUS BUKOHaHO TpHUBUMIpHE
CKIHYEHHOCTIEMEHTHE MOJICIIIOBaHHS TaHOTO MpOIlecy. 3TiAHO i3 3aKoHOM XO0JUTOMaHa, IS
MJIACTHYHOI 30HM OTPUMAHO XapaKTEPUCTUKH MaTepialy B Pi3HUX Horo mapax. Posris-
Jlajiach eKCIIOHEHIialbHa 3MiHA XapaKTepPUCTHK Marepialy [0 INMMPHHI 3pa3ka. 3amporio-
HOBaHa MOJIEJb J03BOJISIE OTPUMATH PE3yNbTaTH, sIKi J00pe Y3ro/KyIOThCs 3 BiJIOMHMHU
eKCTIEPUMEHTAIbHUMH JaHUMHM 1 pe3yJIbTaTaMi CKIHUCHHOCIEMEHTHHX PO3PAaXyHKIB.
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