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Impact Energy of Functionally Graded Steels
in Crack Arrester Configuration
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Charpy impact energy of functionally graded steels produced by electroslag remelting composed of graded
ferrite and austenite layers together with bainite or martensite intermediate layer in the form of crack
arrester configuration has been investigated. The results obtained in the present study indicate that the
notch tip position with respect to bainite or martensite layer significantly affects the impact energy. The
closer the notch tip to the tougher layer, the higher the impact energy of the composite due to increment of
energy absorbed by plastic deformation zone ahead of the notch and vice versa. Empirical relationships
have been determined to correlate the impact energy of functionally graded steels to the morphology of

layers.
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1. Introduction

Functionally graded materials (FGMs) are multi-phase
systems in which composition varies gradually in some
directions to obtain unique mechanical, thermal, and electrical
properties that distinguish them from the conventional com-
posites which in general are of discrete, piecewise nature with
sharp interfaces (Ref 1-4). To date very few fracture experi-
ments involving FGMs, particularly on dynamic fracture, have
been reported. Over the last 50 years, scientists and engineers
have devoted more and more effort for solving problems related
to the impact energy of solids. Until a couple of decades ago,
the analysis of these problems turned almost exclusively to
collisions of solids, of simple geometry and low impact energy,
with limited plastic deformation, given mathematical complex-
ity of the equations involved in these phenomena and the
limited information available on the mechanical behavior of
materials at high-speed deformation (Ref 5). Crack tip defor-
mation and fracture parameter history in functionally graded
glass-filled epoxy were evaluated for low velocity impact
loading by Rousseau and Tippur (Ref 6). They showed when
the crack growth occurs in a material with progressively
increasing filler volume fraction, continuously increasing
dynamic stress intensity factor is seen while a decreasing trend
is observed when the gradient is of the opposite sense. Guo and
Noda (Ref 7) studied the dynamic response of a functionally
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graded layered structure with a crack crossing the interface with
in-plane impact loading condition. Xu et al. (Ref 8) investigated
the plane strain problem of semi-infinite cracks in an infinite
functionally graded orthotropic material with opening and
in-plane shear impact loading modes. They have observed that
the stress intensity factors are not all proportional to the square
root of time as expected.

Functionally graded steels (FGSs) may be produced during
welding of alloy steels. Charpy impact tests have been
performed on functionally graded steels especially on the
welded joints by several researchers. Hong et al. (Ref 9)
performed the Charpy test with notch position varying within
HAZ and reported that the absorbed energy is influenced by
notch position with respect to various microstructures and it
was reduced as notch position approach to the base material.
Jang et al. (Ref 10) studied experimentally and numerically
the effects of notch position on the failure behavior and
energy absorption when the Charpy impact test was per-
formed at —1 °C. Carbon steel plate with thickness of 25 mm
was welded and specimens were fabricated from the welded
plate. The Charpy impact tests were then performed on
specimens having different notch positions varying within
HAZ. A series of 3-D FE analysis which simulate the Charpy
test were also carried out. Bezensek and Hancock (Ref 11)
studied the toughness of laser welded joints of low alloy steel
under mode I and mixed mode configuration along with
Charpy impact tests. They observed that in Charpy tests, the
crack deviated into the tougher parent plate giving potentially
misleading indications of the behavior of defects in highly
constrained joints.

Recently, FGSs have been produced by electroslag remelt-
ing (ESR) (Ref 12). Studies on transformation characteristics
of FGSs produced from austenitic stainless steel and plain
carbon steel have revealed that as chromium, nickel, and
carbon atoms diffuse at remelting stage, alternating regions
with different transformation characteristics are created. By
selecting appropriate arrangement and thickness of original
ferritic (&) and original austenitic (y) steels as electrodes,
composites with graded ferrite, and austenite regions together
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with bainite or martensite layers may be made as follows
(Ref 12);

(57) = (BY)om
(87 = (M) gy
(573) = (BB o
(35t7) g = (ABYMY) o

(567) g = (YBaBY) om

where o and 7y are graded ferrite and austenite regions in the
final composite, respectively; B and M are bainite and mar-
tensite layers in the final composite, respectively; el is elec-
trode; com is composite; and R is remelting.

The microhardness profile of composites is shown in Fig. 1
(Ref 13). The thickness of bainitic and martensitic layers were
0.6 and 1.5 mm, respectively. Also tensile strength of FGSs has
been modeled based on the rule of mixtures (Ref 13). In this
work, Charpy impact energy of offy and yMy functionally
graded steels with notch tip perpendicular to the graded layers
(i.e., crack arrester configuration) has been studied.

2. Experimental Procedure

Similar to the previous works (Ref 12, 13), to make FGSs, a
miniature ESR apparatus was utilized. The slag was a mixture
of 20% CaO, 20% Al,O;, and 60% CaF,. The original ferritic
and austenitic steels which used as electrodes were commercial
type AISI 1020 (with 0.2 wt.% C, 0.3 wt.% Si, 0.2 wt.% Mn,
0.05 wt.% S, and 0.05 wt.% P) and AISI 316 (with 0.07 wt.%
C, 1wt% Si, 2wt% Mn, 0.045 wt.% S, 0.03 wt.% P,
18.15 wt.% Cr, and 9.11 wt.% Ni).

Several arrangements of ferritic and austenitic steel slices in
the form of two-piece dy electrode, three-piece Yoy and arya
electrodes and four-piece yadyanddyay electrodes were
spot welded. The height of each slice in the two-piece oy
electrode was 150 mm. In the three-piece yoryand ayd elec-
trodes, the height of the middle slice was 25 mm and that of
the neighboring slices was 137.5 mm. Finally in four-piece
yady and aryay electrodes, the height of the two middle slices
was 25 mm and that of the neighboring slices was 125 mm.

Remelting was carried out under a constant power supply of
16 kVA. After remelting, composite ingots were hot-pressed at
980 °C down to the thickness of 30 mm and then were
air-cooled.

The impact energy of FGSs in crack arrester configuration
was evaluated by Charpy impact test at 18 °C using standard
sized specimens (10 by 10 by 50 mm) according to the ASTM
E23. The dimension of the specimens is shown in Fig. 2. From
the produced afy and afyMy composite ingots, eight series of
Charpy specimens were produced in which the bainite or
martensite intermediate layers were situated at different posi-
tions with respect to the notch tip; in four series of specimens
the notch was situated in alpha and in the other four in gamma
region. For each series three specimens were tested and the
average values were determined. From yMy, afyPo, and
vBaPy composite ingots, due to their symmetric configuration,
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only four series of Charpy impact specimens with different
positions of bainite or martensite layers were produced. Charpy
impact energy of as-received ferritic and austenitic steels which
were annealed at 980 °C and then were air-cooled was
measured. Also Charpy impact energy of single-phase bainite
and martensite with composition and mechanical properties
analogous to the bainite and martensite layers was measured.
The production method of single-phase specimens with chem-
ical composition and mechanical properties identical to the
bainitic and martensitic layers in the studied composites was
similar to the previous work (Ref 13). To do this, Charpy
impact specimens of the same composition and mechanical
properties to bainitic and martensitic layers in the studied
composites were produced. Initially, the average chemical
composition of bainite and martensite layers was obtained
(Table 1). Afterward, bainitic and martensitic samples with
composition in accordance to the average composition of
single-phase bainitic and martensitic specimens were produced
by means of a vacuum induction furnace. Similar to the primary
composites, the hot-pressing process was carried out at 980 °C,
followed by air cooling. Through trial and error (i.e., conform-
ing the chemical composition and changing the cooling rate),
the samples with the nearest hardness to single-phase bainitic
and martensitic specimens were selected and Charpy impact
test specimens from the bainitic and martensitic samples were
made. Charpy impact test results of single-phase bainite and
martensite layers produced from the sample are shown in
Fig. 3.

3. Results and Discussion

Figure 4 illustrates Charpy impact energies of ofly com-

posites with notch tip at ferrite (CV?‘SI )) and austenite

(CV?E)) regions; where i and j equal to 0, 1, 2, 3 imply
J

distances of the notch tip from the bainite layer (in millimeters)
which was determined by metallographic studies. Charpy
impact energy of the studied composites is between that of
ferritic steel and austenitic steel. A number of studies have been
conducted on the impact energy of layered materials, and it has
been reported that Charpy impact energy of them is increased
with respect to their constituent materials due to the delami-
nating of the layers when the interface strength between the
layers is not high (Ref 14, 15). The stronger the interface,
the more difficult the delamination, therefore it diminishes the
impact properties (Ref 15). In the present study, since
specimens were made by electroslag remelting, interface
strength due to atomic diffusion is high, justifying the obtained
results.

Figure 4 shows the variation of CV?S " and CV?E} with

respect to the notch tip position. This could be discussed in
terms of the consumed energy for plastic deformation under
impact test. Generally the total energy consumed by a notched
specimen till fracture under impact test may be expressed as;

N
E=E +E+Y (2y) (Eq 1)
i=1

i=

where E. is the maximum energy absorbed by the elastic
deflection (Ref 16), E| is the energy absorbed by the plastic
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deformation ahead of the notch tip, and SV, (2y), is the
total surface energy due to the formation of two new sur-
faces, and 2(y); is the corresponding surface energy for crack

growth in each graded layer.
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It has been reported that the main impact value in a tough
material is absorbed by the plastic zone ahead of the notch
(Ref 17, 18). The volume of the plastically deformed material is
very different; it amounts to several hundreds of mm® in the

Microhardness profile of (a) afy, (b) YMy, (¢) YBaBy, (d) afyPa, and (e) afyMy composite plates (Ref 13)
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ductile range, and it is negligible in the brittle range. Virtually
in a tough material more than 90% of the impact energy is
consumed for the plastic deformation (Ref 19). This has also
been confirmed for functionally graded steels by conducting
instrumented Charpy impact studies (Ref 20). It has been
pointed out that, with a good approximation, the plastic strain
energy consumed for functionally graded steel under impact
test may be assumed to be proportional to the corresponding
area under stress-strain curve. An exponential relationship was
found to correlate the area under stress-strain curve of each
layer to its corresponding position in the graded region (Ref 21).
Similarly an exponential relation may be assumed between
Charpy impact energy of each layer and its corresponding
position. Because the area under stress-strain curve of the
consecutive layers in the alpha region gradually increases from
the original ferrite to the bainite layer, one may expect that
formation of the plastic zone ahead of the notch requires higher
energy accordingly. While in the gamma region, because the
area under stress-strain curve of the layers gradually decreases
from original austenite to the bainite layer, one may expect that
formation of the plastic zone at the notch tip requires lower
energy. Hence, due to greater energy requirement for plastic
deformation ahead of the notch tip in gamma region with

respect to that of alpha region, as is illustrated in Fig. 4, cvebr

(a!)
By
v

is always less than CV‘E ) except for the alpha region in the

J
vicinity of bainite layer (ie., dg < 0.74 mm, which may be
determined from Eq 2 and 3). The interesting point is that even
when i and j are equal to zero (i.e., the notch tip is located at

bainite layer interface) it is expected that CV?E")’ and CV?S ’) to

be equal to the impact energy of single-phase bainite, however,
the experimental results show otherwise. It seems that when the
notch is situated at bainite-ferrite interface, plastic deformation
zone at the notch tip needs more energy than that of single-
phase bainite and by subsequent crack growth in the graded
gamma phase further increase in plastic deformation energy

occurs (i.e., CV?EK > CV[;). On the other hand, when the

notch is located at bainite-austenite interface where the plastic

430
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Fig. 2 Charpy impact test specimen dimensions

deformation energy is less than that of bainite in single-phase
specimen, the plastic zone size decreases upon further crack
afy
i

” o)

Also, the closer the notch tip to the bainite layer in alpha
region, the higher the impact energy and inverse the closer the
notch tip to the bainite layer in gamma region, the lesser
the impact energy. Again this could be justified in terms of the
energy absorbed for plastic deformation ahead of the notch tip.
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Fig. 3 Impact test results of the original ferrite, original austenite,
single-phase bainite, and single-phase martensite specimens
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Fig. 4 Charpy impact energies of affy composites with different
notch tip positions with respect to the bainite layer

Table 1 Chemical composition (wt.%) of bainitic and martensitic layers together with the single-phase bainite

and martensite specimens produced from samples

Pct Pct Pct Pct Pct Pct Pct
Specimen studied Cr Ni C Si Mn S P
Single-phase bainite 14.5 7.2 0.12 0.8 1.8 0.03 0.04
Bainite specimen produced from the sample 14.7 7.15 0.13 0.85 1.9 0.032 0.045
Single-phase martensite 7.3 32 0.19 0.39 0.3 0.04 0.05
Martensite specimen produced from the sample 7.38 3.14 0.21 0.28 0.28 0.033 0.055
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Figure 5 shows impact energies of different afy composites
with notch tip in alpha region and together with the corre-
sponding distances with respect to the bainite layer. Based on
the given data, the best-fit equation to the experimental results
was an exponential equation with coefficient of determination,
R* =0.9981 as follow;

CV‘(’O%V = 114.46 exp(—0.1435dp) (Eq 2)

where dp is the distance of notch tip from the bainite layer.
Similarly, the best-fit equation for Charpy impact energies of

afy composites with notch tip in gamma region is as below;

CV?yﬁ)y = 102.88 exp(0.0684dp), (Eq 3)

Charpy impact energies of YMy composites (CV(Y%V) are

R? = 0.9866

given in Fig. 6. Reduction of Charpy impact energy in the
presence of martensite layer is very significant; the closer the
notch tip to the martensite layer, the lesser the impact energy.
Figure 7 shows two different positions of the notch tip with
respect to the martensite layer in YMy composite. Similar to
afy composites, the difference between Charpy impact ener-
gies of YMy composites may be explained in terms of plastic
deformation energy. Note that due to greater thickness of

140
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Fig. 5 Charpy impact energies of affy composites with notch tip in
alpha region and the corresponding notch tip distance from bainite
layer

martensite layer (i.e., 1.5 mm) and much smaller plastic zone
ahead of notch with respect to the bainite layer, the difference
between Charpy impact energy of yYMy composite with notch
situated at martensite-austenite interface (i.e., i = 0) with that of
single-phase martensite is not high. The relation between
Charpy impact energy of yMy composites with distance of
notch tip with respect to the martensite layer could be
represented as;

CV™M = 13,166 exp(0.6127dy), R® = 0.9993

) (Eq 4)
where dy; is the distance of notch tip from the martensite
layer.

Once more, for afyBo, yBaPy, and afyMy composites, the
plastic zone size is able to justify the differences between
Charpy impact energies of the same composites by situating the
notch in different positions with respect to the bainite or
martensite layers (Fig. 8-10). The interesting point is that when
the notch is situated in alpha region of afyMy composite,
Charpy impact energy of the composite is even higher than that
of afy composite with similar distances of the notch with
respect to the bainite layer whereas afyMy composite contains
a brittle martensite layer. On the other hand, when the notch is
situated in gamma region of afyMy composite, the impact
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Fig. 6 Charpy impact energies of YMy composites with different
notch tip positions with respect to the martensite layer

Fig. 7 Microstructure of YMy composite illustrating positions of notch tip with respect to the martensite layer
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Fig. 8 Charpy impact energies of afyBo composites with different
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Fig. 9 Charpy impact energies of yBofy composites with different
notch tip positions with respect to the bainite layer

energy is relatively low, particularly when the notch is situated
too close to the martensite layer. Similarly, the relation between
Charpy impact energies of afyPo, yPafy, and ofyMy
composites with distance of notch tip with respect to the
bainite or martensite layers could be empirically represented as;

CVoPP* — 119.46 exp(—0.1363d), R> =0.9894  (Eq5)
CVPPY = 108.16 exp(0.0687dg), R* = 0.9892 (Eq 6)

CVIIMY — 11515 exp(—0.1302dp), R> = 0.9925

(@) (Eq 7)

CVIPM = 14593 exp(0.6347dy), R =0.9971.  (Eq8)

4. Conclusions

1. Although it would be possible to increase the impact
resistance of AISI 1020 steel by producing functionally
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Fig. 10 Charpy impact energies of afyMy composites with differ-
ent notch tip positions with respect to the bainite/martensite layer

graded composites of the type afy, apypo, yBopy, YMy,
and afyMy, the high cohesive strength of a-f and B-y
interfaces causes no improvement in the impact proper-
ties respect to AISI 316 steel. Also, the formation of
martensite layer in yMy and afyMy composites
decreases the impact resistance of 316 steel significantly.

2. The impact energy of the studied composites depends
on the notch tip position in alpha or gamma regions in
addition to its distance from bainite or martensite layers.

3. The impact energy of the studied composites may be
explained in terms of plastic deformation zone ahead of
the notch tip.
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