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Recently, much attention has been paid to TRIP steel since it indicates both high ductility
and strength by strain induced martensitic transformation. This transformation allows TRIP
steel to offer larger energy absorption than other steel at the same strength level. Therefore,
it is expected to be applied to automobiles as security components that absorb energy upon
collision. To produce the best performance of TRIP steel, the J-integral of TRIP steel should be
investigated with respect to a various deformation rates for an evaluation of energy absorption.
In the present study, the three point bending (3B) test is conducted for investigating the J-
integral until the crack growth of TRIP steel. Then, in order to determine the energy absorption
characteristic by the J-integral value at various locations in the components of TRIP steel,
the size of the specimen should be very small. Thus, an SP test is introduced and conducted
by using the newly established apparatus based on the SHPB method. By using the result
of the SP test in conjunction with the result of a 3B test, the evaluation of the J-integral
of TRIP steel subject to various deflection rates is attempted. The correlation between the
J-integral and the equivalent fracture strain of the SP test for TRIP steel is challenged to be
redefined.

Key words: TRIP steel, energy absorption, J-integral, rate sensitivity, small punch test,
SHPB method.

1. Introduction

TRIP steel indicates high ductility, toughness and excellent energy absorp-
tion under plastic deformation by strain-induced martensitic transformation
(SIMT) [1]. Recently, in order to improve passenger safety and reduce weight
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of the car, the requirement of higher strength and excellent energy absorption
of the steel used in the automobile industry has increased. Therefore, TRIP
steel is expected to apply for the components which absorb energy upon co-
llision.
Generally, the energy absorption is evaluated by calculating the area of the

stress-strain curve obtained from the tensile test [2]. From this point of view,
Tomita and Iwamoto [2] reported that energy absorption in TRIP steel de-
creases with an increase in strain rate. However, the dominant mechanism of
those components for energy absorption is plastic-buckling with bending de-
formation. Due to a variety of impact velocity at the moment of the crash,
the energy absorption characteristic of TRIP steel subjected to various rates of
bending deflection becomes more important for a final product of the compo-
nents. As Rice [3] defined, the J-integral can represent the total energy until
the crack extension with its standardized experimental evaluation under the
bending deformation. Over the past decade, the dynamic fracture toughness of
steel is actively investigated [4] and a lot of investigations about the effect of
rate sensitivity on mild steel have been done [5–7]; however, just a few studies
on the fracture energy absorption sensitivity of the TRIP steel to the strain
rate in experiment can be found [8, 9], especially under tension. In addition,
just the clarification of its fracture energy absorption rate sensitivity for TRIP
steel is insufficient. The residual stress and plastic strain in each location of the
component are different, and SIMT will take place during the processing. In
order to enhance and control the reliability and the performance of the product,
the specimen picked out from the product should be very small to evaluate its
characteristics.
In the past, several efforts have been made for the evaluation of energy ab-

sorption characteristics in metallic materials by the fracture parameters includ-
ing the J-integral under static to dynamic loading based on the split Hopkinson
pressure bar (SHPB) method [5, 10]. Especially, the fracture parameters of TRIP
steel have been measured under quasi-static and impact tests [11, 12]. For stud-
ies by using the smaller specimen, a small punch (SP) test is well-employed to
evaluate the J-integral [13–17]. By using this technique, the energy absorption
for the part of the actual product of security components with respected to
various deflection rate can be easily evaluated by a simple experiment. Shindo
et al. [14, 17] assessed the correlations between the equivalent fracture strain
and the J-integral. In addition, they determined the J-integral in austenitic
stainless steel, a kind of TRIP steel, and its weldment by combination between
the SP test and FEA method. However, most of them are conducted under the
low strain rate.
Due to the high impact velocity during the crash, it is important to clarify

the energy absorption characteristic subjected to higher strain rate and its rate
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sensitivity by evaluating the J-integral by an SP test. Additionally, Rodriguez-
Martinez et al. [18] examined the behavior of AISI 304 steel sheets, which is
a kind of TRIP steel, subjected to perforation under a wide range of impact
velocities. The result shows the work hardening and ductility of AISI 304 are
enhanced and the absorbing energy capability of AISI 304 is improved by SIMT
during perforation. They are distinguishing the plastic deformation from the
fracture characteristic for energy absorption. From the viewpoint of the SP test,
it can be considered that the perforation can be connecting to the fracture
characteristic.
In the present study, at first, the three-point bending (3B) test of pre-cracked

specimen based on the ASTM standard is conducted for various deflection rates.
Then, the J-integral associated with the crack growth is measured during a
3B test by the direct current potential difference method. After that, an im-
pact SP apparatus base on the classical SHPB method is newly established.
The load-deflection curves of SP test subject to various deflection rates are
obtained by the conventional material testing machine, weight drop testing ma-
chine and the established SHPB apparatus, in conjunction with the results of
the 3B test, evaluation of the energy absorption characteristic of TRIP steel by
the J-integral is attempted. The relationship between the J-integral and the
equivalent fracture strain of the SP test is challenged to be redefined for various
deflection rates. Finally, a rate sensitivity of energy absorption in TRIP steel is
discussed.

2. Three point bending test (3B)

2.1. Method of three point bending test (3B)

In order to evaluate the J-integral before crack initiation, it is essential to
find the point of the crack initiation on the load-deflection curve. Therefore,
in this investigation, a direct current potential difference (DCPD) technique is
introduced.
The DCPD method is one of the most accurate and efficient methods for

monitoring the crack initiation and propagation in real time during deforma-
tion. By applying current to the specimen, the electrical potential difference
between the crack faces is generated. A crack initiation is considered to be coin-
cident with a sudden increase in potential difference. As the crack initiates, the
resistance will be increased. This leads to an increased potential difference. As
shown in Fig. 1. The load-time and voltage-time curve can be recorded and the
moment when the voltage suddenly increased is defined as the point of crack
initiation [19].
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Fig. 1. An example of a result obtained by the DCPD method
to determine the point of crack initiation.

2.2. Samples used for 3B test

Pre-cracked specimens made of AISI304, a kind of TRIP steel, are used in
this test. The dimensions of the pre-cracked specimen follow the ASTM standard
as shown in Fig. 2. To get an austenitic structure, the specimen is subjected
to solution heat treatment at 1323K for 30 min by electric furnaces and then
quenched in water.

Fig. 2. The dimensions of the specimen for 3B test.

2.3. Measurement apparatus of 3B test

Figure 3 shows the schematic diagram of the locations of probes for mea-
suring voltage and supplying current. Two probes that are independent of the
current supplement are used to measure the voltage. The circuit is based on
the four-probe method for precise measurement of voltages. In order to make
the probes as sensitive as possible, they are fixed around the pre-crack on the
opposite side in the thickness direction of the specimen. The current supplied
wire and the probes for measuring the voltage are spot-welded to the specimen.
The current is set as 12 A.
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Fig. 3. A photograph of the specimen with some drawings of the circuit to show locations
of the probes for measuring voltage and supplying current.

In the quasi-static test, the signal from the signal conditioner (Kyowa CDV-
700A) for recording the potential difference is put into the conventional mate-
rial testing machine (Shimadzu AG-250kNXplus), which is shown in Fig. 4. The
speeds of crosshead are set as 0.2, 2, 20 and 200 mm/min. The relationship of
load-displacement and potential-difference-displacement are recorded simulta-
neously.

Fig. 4. The photograph of the quasi-static three-point bending test apparatus.

Figure 5 shows the schematic illustration and a photograph of the drop
weight testing setup. In this test, the load and potential difference are recorded
by the oscilloscope (Yokogawa DL-2700) at the same time. A load sensing block
[20] which can capture the load and protect the reflected wave propagates back
into the load sensing part set just under the center. Figure 6 shows a photograph
of the load sensing block used in the present study. The load sensing block
has a small projection. Two strain gauges are glued axisymmetrically at the
middle of the projection. These two strain gauges are connected to a digital
oscilloscope (Yokogawa DL-2700) via a signal conditioner (Kyowa CDV-700A)
for amplifying the voltage signal. According to the relationship between voltage
and load calibrated by using the material testing machine, a voltage-time curve
can be transform into a load-time curve. Weight is dropped from a height of
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a)

b)

Fig. 5. a) A schematic and b) a photograph of the drop weight test setup.

Fig. 6. The photograph of the load sensing block used in drop weight test.
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700 mm and 900 mm respectively. The deflection with respect to time is recorded
by a high speed camera during impact. The deflection rate can be calculated
from a deflection-time curve by the finite difference method. The corresponding
deflection rates in the impact are approximately 3190 mm/s and 3530 mm/s.
The normalized deflection rates can be calculated as 40 s−1 and 45 s−1 divided
by the span length of 80 mm, respectively.

2.4. The manner of data processing

In this investigation the simple formula for evaluating the J-integral under
bending deformation derived by Rice [21] is used. The formula is given by the
following equation.

(2.1) J =
Af(a0/W )

B(W − a)
,

whereA is the area under the load-deflection curve up to the point of crack initia-
tion. It can be calculated by using the DCPD method as described in Subsec. 2.1.
B and W are the initial thickness and width of the specimen respectively. a is
the initial crack length including the notch and the fatigue pre-crack. Since the
aim of this investigation is to evaluate the energy absorption characteristic of
TRIP steel with an extremely high ductility. The dimensions of the specimen
are based on the ASTM standard. Therefore a is equal to 14.4 mm and a value
of two for f(a0/W ) is employed.

2.5. Discussion on the result of 3B test

Figure 7 shows the relationship between the J-integral and the normalized
deflection obtained from the 3B test. It presents an approximately linear rela-

Fig. 7. Relationship between the J-integral and the normalized deflection rate of 3B test.
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tionship between the J-integral and the normalized deflection rate on the semi-
logarithmic plot. A positive rate-sensitivity can be observed by the J-integral
value’s increase with an increase in the deflection rate.

3. Small punch test

3.1. Samples used for small punch test

Two kinds of material are employed in this test, aluminum alloy 6061 and
AISI304. The aluminum alloy specimen is used for confirming the validity of
the established apparatus for SP test under quasi-static test. Both of them
are machined to a disk shape and they both have dimensions of 10 mm in
diameter and 0.5 mm in thickness. The specimen, made of AISI304, is subjected
to solution heat treatment at 1323K for 30 minutes by electric furnaces and then
quenched in water.

3.2. Measurement apparatus

3.2.1. The SP test apparatus for quasi-static SP test. Figure 8 shows the
established apparatus for the quasi-static SP test and the schematic figure of
jigs for both quasi-static and drop weight SP test. It consists of upper and lower
dies, four clamping screws and a puncher. In order to keep the centers of the
punch, specimen and dies in as a straight a line as possible, a cylindrical collar
is employed here. In order to prevent the specimen being subjected to frictional

a) b)

Fig. 8. a) The established apparatus for the quasi-static SP test and b) a schematic of jigs
for both quasi-static and drop weight SP test.



AN EXPERIMENTAL STUDY ON RATE SENSITIVITY OF J-INTEGRAL. . . 127

forces during deformation, the bore diameter in the lower dies is determined as
follows [22]

(3.1) d2 ≥ d1 + 2t0,

where d1, d2 and t0 are the outer diameter of the lower die, the inner diameter of
the upper die and the original thickness of the specimen respectively. In present
study, d1 is decided as 2.4 mm and d2 is decided as 4 mm.
The quasi-static test is conducted with a conventional material testing ma-

chine, and the crosshead speeds are set as 0.2, 2, 20 and 200 mm/min.

3.2.2. Confirm the validity of the apparatus. In order to confirm the validity
of the apparatus which was established for SP test, the SP test is conducted by
the same setup and condition with past research work [16]. Figure 9 shows the
comparison of the load-deflection curves under quasi-static test obtained by the
present study and the previous study. The result of the present study coincide
with the previous study, and so, we can find that the apparatus manufactured
here is valid.

Fig. 9. The comparison of the load-deflection curves obtained by the present study
and a previous study [16].

3.2.3. The SP test apparatus based on the drop weight method. The jig for
SP test based on the drop weight method is shown in Fig. 10. The SP test
apparatus is placed on the center of the steel plate. Weight is dropped from
a height of 20 mm. The speed of the weight at the moment of impact can be
calculated by using two optical fiber sensors. A gauge line is marked on the top
of the puncher. By tracking the position of the gauge line with the high speed
camera, the displacement with respect to the time of the punch can be obtained
as shown in Fig. 11a. The load during the impact can be recorded by the load
sensor block which is as same as the drop weight 3B test is shown in Fig. 11b.
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Fig. 10. The jig used for SP test based on the drop weight test method.

a) b)

Fig. 11. The deflection-time curve (a) and load-time curve (b) obtained by SP test based
on drop weight test method.

3.2.4. The impact SP test based on SHPB method. To conduct the impact
SP test under high loading speed, an impact SP test apparatus is newly estab-
lished based on the SHPB method. The schematic picture of the established
apparatus is shown in Fig. 12. It consists of an air gun, a striker bar, an input
bar, an output tube and some measurement devices. The puncher and the lower
die are directly manufactured at the ends of the input bar and the output tube
respectively. The upper die is connected to lower die with the output tube by
a thread and the specimen is clamped between the upper die and the output
tube. A collar with lower mechanical impedance is used to keep straightness of
the center of the punch and the specimen. The dimensions of this apparatus are
also designed by Eq. (3.1). When the air gun launches the striker bar to impact
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on the edge of input bar by a sudden release of compressed air, a stress pulse
is generated and propagated along the input bar toward the specimen. After
it arrived the specimen, partially of it reflected back into the input bar as the
reflected strain pulse, and the residual pulse transmitted though the specimen
into the output bar as the transmitted strain pulse. To record the strain wave
in the pressure bar and tube, the semi-conductor strain gauges (Kyowa KSP-z-
120-E4) are glued axisymmetrically at the middle of the pressure bar and tube.
All strain gages are connected to a digital oscilloscope (Yokogawa DL-2700) via
signal conditioner (Kyowa CDV-700A) for amplifying the voltage signal.

a)

b)

Fig. 12. The schematic picture of the established apparatus for the SP test based on SHPB
method: a) whole of the apparatus; b) near the specimen including upper die and collar.

The stress pulses propagating through the incident and transmitter bars, σi,
σr, σt can be obtained respectively. Obeying the one-dimensional elastic wave
propagation theory, particle velocities in the incident and transmitter bars vin
and vout can be obtained by the following equation.

(3.2)

vinp(t) =
σi(t)− σr(t)

ρc
,

vout(t) =
σt(t)

ρc
,
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where ρ and c are mass density and velocity of longitudinal elastic wave in
pressure bars. Using the following equation, a deflection at the center of the
specimen δ(t) is calculated as

(3.3) δ(t) =

t
∫

0

{vinp(t)− vout(t)} dt
′.

According to results above, the input load Pinp(t) and load at support point
Psup(t) can be calculated by the follow equation:

(3.4) Pinp(t) = [σi(t) + σr(t)]Ain, Psup(t) = σt(t)Aout,

where Ain is the cross-sectional area of the input bar and Aout is the cross-
sectional area of the output bar. In general, the stress wave obtained by SHPB
method has the initial oscillation. To reduce the initial oscillation, the pulse
shaper technique was introduced [23, 24].

3.3. The manner of data processing

In the present study, the J-integral is calculated by using the method pro-
posed by Shindo et al. [17]. The determination process of the evaluation equa-
tion is given as follows.
At first, the equivalent fracture strain, which is very important in order to

obtain the J-integral of the SP test, is derived by using the follow equation
under the assumption of constant volume during plastic deformation:

(3.5) εqf = ln

(

t0
t

)

,

where t0 is the initial thickness of specimen and t is the thickness of the frac-
ture part measured after the experiment. In the present study, t0 is equal to
0.5 mm and t in the part of the fracture on the specimen is measured by us-
ing a micrometer. The plotted relationship between ln(ln(t0/t)) and ln(δmax/t0)
have an approximate linear relationship. Therefore, we can obtain the following
equation,

(3.6) εqf = α

(

δmax

t0

)n

,

where t0 is the initial thickness of specimen, δmax is the deflection at the maxi-
mum load obtained by the load-deflection curve from the SP test. From the cor-
relation between ln(ln(t0/t)) and ln(δmax/t0), α and n can be identified. Then
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according to the method by Shindo et al. [17], the J-integral obtained by exper-
imental results of the J-integral using CT specimen has an approximate linear
relationship with equivalent fracture strain which obtained by SP test at same
deflection rate. The linear equation can be obtained as follows:

(3.7) Jin = Aεqf −B,

where A and B are parameters, respectively.

3.4. Discussion on the result of SP test

Figure 13 shows the load-deflection curve at the various deflection rate ob-
tained by the SP test. As shown in this figure, the deflection at the maximum
load increases with an increasing deflection rate. Generally, in the conventional
tensile test for the metallic material, the load increases with an increase of strain
rates. At the same time, the maximum strain for failure becomes lower with an
increase of the strain rate. This implies that the strength becomes larger, but
the ductility decreases with respect to the strain rate. However, in the present
study an opposite tendency on the rate sensitivity of the deflection is observed.

Fig. 13. Load-deflection curves at various deflection rates.

Figure 14 shows the stress waves captured from the impact SP test based on
the SHPB method. Here it is observed that transmitted wave is quite small com-
pared with the incident and reflected waves. This phenomenon may be caused by
the stress wave becoming quite small when it is transmitted to the output tube.
Since the cross-section area may be large relative to the cross-section area of the
punch, most of the stress wave is reflected when the punch hits the specimen
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Fig. 14. Incident, reflected and transmitted pulse obtained from impact small
punch testing.

and the load turn to smaller. In addition, the fiction between the punch and the
specimen maybe created during the impact. It leads a partial of incident stress
consumed during the fracture process. However, the load and deflection still
can be calculated because the signal itself can be captured by an appropriate
adjustment of the resolution in output voltage.

4. Discussion on the result of the whole work

Following the steps described in the Subsec. 3.3, the approximately linear
relationship between ln(ln(t0/t)) and ln(δmax/t0), and the relation between the
J-integral and fracture strain can be obtained as shown in Fig. 15 and the
parameters of Eq. (3.6) and Eq. (3.7) are identified by these two relationship.
The final equations are shown as follow.

εqf = 0.001

(

δmax

t0

)2.54

,(4.1)

J = 1970εqf + 633.(4.2)

Unfortunately, as shown in Fig. 15b, it is hard to describe the corresponding
J-integral for the result of the SP test based on the SHPB method. However, the
maximum load of the SP test based on the SHPB method is known. Therefore,
it is allowed that the J-integral at such higher deflection rate can be calcu-
lated by using above two equations and it becomes approximately 7922 kJ/m2.
Nevertheless, according to the approximate linear relationship which obtained
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a)

b)

Fig. 15. a) The approximately linear relationship between ln(ln(t/t)) and ln(δmax/t0),
b) the relation between the J integral and equivalent fracture strain.

from Fig. 7, the J-integral of 3B test base on SHPB method should be approx-
imately 2456 kJ/m2. Therefore, we can conject that the J-integral may be not
have a linear relationship with normalized deflection rate under high strain rates
anymore. This means that a different mechanism for energy absorption occurs
in the range of higher deflection rate compared with the result of the 3B test by
the drop weight machine.
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In the previous study [17], the parameters for the Eq. (3.6) and Eq. (3.7) have
been identified for austenitic stainless steel at the cryogenic temperature. Here,
in order to compare this with the relations defined by the previous study [17], the
J-integral is calculated using their parameters and δmax of the results in present
study. The result is shown in Fig. 16. Compare with the result shown in Fig. 7
the values of J-integral are approximately four times the results obtained by 3B
test at the same deflection rate. Taking into consideration that the equations
by Shindo et al. [17] are defined at the cryogenic temperature, the J-integral
value maybe overestimated.

Fig. 16. The relationship between the J-integral and normalized deflection rate.

In the present study, a relationship between the energy absorption charac-
teristic up to crack initiation and the normalized deflection rate was obtained
by J-integral. The apparatus for impact SP test based on the modified SPBH
method was established. By using the result of the 3B test, the relation between
J-integral and the equivalent fracture strain under the SP test was redefined.
Finally, the fracture energy absorption of SP test obtained by SHPB method was
calculated. An experimental method for studying the rate sensitivity of energy
absorption was established.
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