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An elevated temperature tensile impact experimental technique has been developed, using
the rotating disk indirect bar-bar tensile impact apparatus with elevated temperature
furnaces. Temperatures up to 800◦C in the specimen have been obtained by means of rapid
contact heating.

Tensile impact experiments have been performed to investigate the mechanical behavior
of SUS304 stainless steel in the temperature range 25–537◦C. In contrast, the quasi-static
tensions were conducted on MTS810 at three temperatures 25, 400 and 537◦C, respectively.
The experimental results show that the elevated temperature tensile impact experimental
technique and method adopted are feasible practically. SUS304 stainless steel is a sort of
temperature and strain-rate dependent metal, i.e., the strain rate has the effect of
strengthening on yield stress and ultimate stress, but embrittling on unstable strain. The
unstable strain decreases with increasing temperature at a constant strain rate, exhibiting
an elevated temperature embrittlement phenomenon. The microstructure analysis reveals
that the elevated temperature embrittlement phenomenon is due to the ‘sensitization’ of
SUS304. In the case of impact loading, the adiabatic temperature rise is also capable of
leading to sensitization. The differences of specimens’ fractograph between tensile impact
and quasi-static tension probably involve different deformation and fracture mechanisms.
It is found that the volume fraction of γ → α′ transformation is strain, temperature and
strain-rate dependent. C© 2004 Kluwer Academic Publishers

1. Introduction
The modern Split-Hopkinson pressure bar technique
(SHPB), first developed by Kolsky in 1949 [1], has
been widely applied to study the dynamic properties
of solid materials. Recently, with the developments of
the technique [2, 3], dynamic compression tests at el-
evated temperatures have been conducted on SHPB in
a few labs [4, 5]. Harding designed a block-bar spilt-
Hopkinson tensile bar apparatus (SHTB) in 1960 [6],
and developed a direct bar-bar SHTB apparatus in 1982.
Much good effort was paid in this field by them [7, 8].
Kawata [9], Nicholas [10], Staab and Gilat [11] inde-
pendently developed a different dynamic tensile tech-
nique, respectively. Xia designed a rotating disk indi-
rect bar-bar tensile impact apparatus in 1988. Tensile
impact experiments for kinds of metallic and nonmetal-
lic materials were performed on this apparatus and a
lot of interesting results were brought out in the recent
decade [12–20]. In the field of tensile impact tests at el-
evated temperatures, D. C. Barton denoted a technique
based on the induction heating process to rapidly heat
metallic specimens prior to high strain rate testing on
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a ‘Flying Wedge’ tensile testing machine, producing
temperatures up to 600◦C and a strain rate >103 s−1

[21]. An empirical fracture model for pure iron was
dealt with, and no completed stress/time, strain/time or
strain rate/time curves were presented in Ref. [21]. This
paper aims to develop an elevated temperature tensile
impact technique up to 800◦C, and to investigate the dy-
namic mechanical behavior of stainless steel SUS304
at elevated temperatures, and to explore the mechanism
of the mechanical properties dependence of tempera-
ture and strain-rate for SUS304 stainless steel through
an analysis of microstructure of the specimen fractures.

2. Experiment
2.1. Elevated temperature tensile tests
Elevated temperature tensile tests both with quasi-
static and high strain-rate loading were involved in the
present work. The quasi-static experiments were per-
formed on a MTS810 material testing machine at a
strain rate of 0.001 s−1 with three different environment
temperatures 25, 400 and 537◦C, respectively. The
tensile impact experiments were performed on the
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Figure 1 Schematic diagram of tensile impact apparatus. 1. impact hammer 2. impact block 3. short prefixed metal bar 4. incident bar 5. specimen 6.
transmitted bar 7. strain gauge 8. thermocouple 9. elevated temperature furnace 10. thermoregulator of furnaces 11. temperature measurement system
of specimen 12. adhesive layer 13. disk 14. impact block support 15. rigid base 16. puller bolt 17. connector.

self-designed rotating disk indirect bar-bar tensile im-
pact apparatus at a strain rate of 1200 s−1 with three
environment different temperatures 25, 250 and 537◦C,
respectively.

The indirect bar-bar tensile impact apparatus con-
sists of a rotating disk loading system, an impact block,
a pre-fixed metal bar, an incident bar, a transmitted bar
and a data acquisition system. Scheme of the bar-bar
tensile impact apparatus is shown in Fig. 1a and b.
When the rotating disk (13) reaches the required ro-
tating speed, the impact hammer (1), fixed on the ro-
tating disk, protrudes and strikes the impact block (2).
The short pre-fixed metal bar (3) between the block
and the incident bar (4) is broken away so that an ap-
proximately rectangular stress pulse is produced in the
incident bar. Partial of the incident pulse is transmit-
ted through the specimen (5) to the transmitted bar (6)
and the residual is reflected to the incident bar. By ad-
justing the impact speed of the rotating disk as well as
the diameter or length of the short metal bar, different
amplitude, width and rise time of tensile impulses are
available for any particular tests at a certain strain rate.
The strain signals of the incident wave εi(t), reflected

wave εr(t) and transmitted wave εt(t) are picked up
from the strain gauges (7) on the incident/transmitted
bars by the superdynamic strain meter, respectively. The
strain gauges used in the tests are semiconductor strain
gauges with a size of 3 mm. The response frequencies of
a self-designed type KGS-II superdynamic strain meter
(amplifier) are 10 Hz–2 MHz. The signals are recorded
by a TCL transient converter with a sampling rate of
20 MHz.

According to the one-dimensional simple-wave the-
ory, the strain εs(t), strain-rate ε̇s(t) and stress σs(t) in
the specimen can be written as follows:

εs(t) = 2C

l0

∫ t

0
[εi(τ ) − εt(τ )] dτ (1)

ε̇s(t) = 2C

l0
[εi(t) − εt(t)] (2)

σs(t) = EA

As
εt(t) (3)

where E , A and C are the Young’s modulus, cross-
sectional area and elastic wave velocity of the
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incident/transmitted bars, respectively. l0 and As are
the length and the cross-sectional area of the testing
gauge of the specimen, respectively.

2.2. Specimen geometry and connection
The material used in this work was SUS304
austenitic stainless steel with the chemical composi-
tion: 18.52Cr-8.34Ni-0.89Mn-0.42Si-0.002P-0.002S-
0.046C in weight percent and the balance Fe. The
specimens, with dumbbell-shaped flat, 1.1 mm thick-
ness, are illustrated in Figs 2 and 3 for quasi-static and
tensile impact, respectively. A refractory inorganic ad-
hesive was used to connect dynamic specimen with in-
cident/transmitted bars, as shown in Fig. 4. The thick-
ness of each adhesive layer was 0.10 mm. The geometry
of the dynamic specimen used at elevated temperatures
in the present work was approximately the same as the
R. T. specimen used before [15–17]. The thickness of
adhesive layer was increased to 0.10 mm in view of
the difference between inorganic adhesive and organic
adhesive. The geometry of the specimens and the thick-
ness of adhesive layer (0.05 mm) in Ref. [15–17] were
determined by way of experimental methods [22, 23]
and numerical analysis cooperated with experiments
[24, 25], in which the influence of temperature was not
dealt with. The validity of the geometry of specimens
and the thickness of adhesive layers in elevated tem-
perature tests in the present work needs to be further
evidenced.

Figure 2 Specimen geometry for quasi-static tests.

Figure 3 Specimen geometry for tensile impact tests.

Figure 4 Connection of specimen to bars.

2.3. Rapid contact heating and elevated
temperature tests

The specimen was stuck to the slots of the inci-
dent/transmitted bars with the refractory inorganic ad-
hesive. Two furnaces with metal-core axes were located
at both sides apart from the specimen. The furnaces
were first turned on. Temperature kept rising until the
temperature reached the set point and remained stable,
as shown in Fig. 5a, then the furnaces were moved to
make each end of metal-core axes touch either surface
of the specimen simultaneously, as shown in Fig. 5b.
After 1–2 min heated, once an approximate even tem-
perature field of the testing region of the specimen
was achieved, the tensile impact experiments were per-
formed. Several WRP-100 Pt-Rh thermocouples were
used to measure the temperature. The experimental re-
sults indicate that a temperature up to 800◦C in the
specimen can be obtained using this rapid contact heat-
ing system.

2.4. Microstructure examination
The microstructure of specimens on each testing con-
ditions were analyzed. The surface analysis of fracture
was carried out on an XL-30 Environmental Scanning
Electron Microscope (ESEM). The volume of γ → α′
transformation was detected on a type of X-350A
X-ray Diffraction Meter (XRD). At last the broken
specimens were cut along the tensile direction and
ground as metallographic samples. The microstruc-
tures were inspected on an XJG-05 Metallurgical
Microscope.

3. Results and analysis
3.1. Tensile experimental results
A typical wave forms at 537◦C and a strain rate of
1200 s−1 is shown in Fig. 6. The strain/time, stress/time,
strain rate/time curves in the corresponding testing are
shown in Fig. 7. The complete stress/strain curves for
the SUS304 stainless steel at two strain rates and various
temperatures are shown in Figs 8 and 9, respectively.
The correlation between σ0.2, σb, εb and temperature
are shown in Fig. 10. The yield stress σ0.2, ultimate
stress σb, unstable strain εb (corresponding to σb) and
their deviations at quasi-static and tensile impact tests
are listed in Tables I and II, respectively.

From Tables I and II and Figs 8–10, it can be observed
that

(1) Not only σ0.2 and σb of SUS304 but also
εb decreases with increasing temperature under both
quasi-static and tensile impact loading conditions.
There is an obvious elevated temperature embrittlement
phenomenon for SUS304 stainless steel.

(2) At temperatures 25 and 537◦C, σ0.2 and σb at a
strain rate of 1200 s−1 are greater than those at rate
of 0.001 s−1. However, εb decreases at a strain rate of
1200 s−1 compared with the quasi-static data. It shows
that the strain rate has the effect of strengthening yield
stress and ultimate stress, but embrittling on unstable
strain.
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Figure 5 Schematic diagrams of contact heating. (a) Heating the furnaces (b) Contacting to heat the specimen 1. incident bar 2. transmitted bar 3.
thermoregulator 4. metal-core axes 5. specimen 6. thermocouple 7. elevated temperature furnace 8. adhesive layer 9. thermocouple wires.

Figure 6 A typical record of wave forms (ε̇ = 1200 s−1, 537◦C).

Figure 7 Stress/time, strain/time and strain rate/time curves of SUS304
at 537◦C and an average strain rate of 1200 s−1.

3.2. Microstructure examination results
and analysis

The microstructure analysis shows that carbides are de-
posited in the matrix at 400 and 537◦C in quasi-static
specimens, but no carbides are found at 25◦C. Further-
more, the sizes and quantities of carbides increase with
increasing temperature. Such results agree with that
in Ref. [26], which indicates that sensitization exists
in austenite stainless steel. It may be the reason that

Figure 8 Stress/strain curves of SUS304 at different temperatures (ε̇ =
0.001 s−1 and ε̇ = 1200 s−1).

Figure 9 Stress/strain curves of SUS304 at different temperatures (ε̇ =
1200 s−1).

the elevated temperature embrittlement phenomenon
emerges in quasi-static tension. The only difference is
that the sensitization temperature shown in the present
paper is lower than that in Ref. [26]. In specimens
impacted at 250 and 537◦C, it can be observed that
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Figure 10 σ0.2, εb and σb vs. T (Temperature).

TABL E I Mechanical properties of SUS304 stainless steel at different
temperatures (ε̇ = 0.001 s−1)

Temperature (◦C) σ0.2 (MPa) σb (MPa) εb (%)

Room (25) 452 ± 2.9 887 ± 2.2 38.68 ± 0.79
250 367 ± 5.8 647 ± 4.4 26.20 ± 1.09
537 279 ± 4.4 521 ± 5.2 24.20 ± 1.07

T ABL E I I Mechanical properties of SUS304 stainless steel at differ-
ent temperatures (ε̇ = 1200 s−1)

Initial modulus
Temperature (◦C) E (GPa) σ0.2 (MPa) σb (MPa) εb (%)

Room (25) 210 ± 3.2 282 ± 1.6 683 ± 3.1 58.3 ± 0.28
400 169 ± 4.2 169 ± 6.8 474 ± 4.0 29.5 ± 0.50
537 165 ± 3.2 155 ± 2.6 435 ± 2.0 25.4 ± 0.80

the way of precipitation of carbides is similar to that in
quasi-static specimens. This indicates that the elevated
temperature embrittlement phenomenon at high strain
rate may be also caused by sensitization. The mi-
crostructure of the tensile impact specimen tested at
537◦C is shown in Fig. 11b. Moreover, it is interesting

Figure 11 Macrostructure of the broken specimens tested at ε̇ = 1200 s−1 and different temperatures: (a) 25◦C and (b) 537◦C.

to see that precipitation of carbides also are found in the
tensile impact specimen at 25◦C as shown in Fig. 11a.
Tensile impact approaches an adiabatic process, and
results in the adiabatic temperature rise [27–29] might
exceed the sensitization temperature of SUS304 dur-
ing that process. More research is needed to investigate
the mechanism of the precipitation of carbides in the
tensile impact specimen at 25◦C.

The quasi-static fractographs (SEM) of SUS304
specimens at 25 and 400◦C are shown in Fig. 12. Al-
though shear lip by dislocation slip can be obviously
seen in both, the microstructures are markedly differ-
ent in the central parts. Even uniaxial dimples and a
few microbores can be seen in the specimen at 25◦C.
No precipitations are found at the bottom of microbores
as shown in Fig. 12a, which presents a typical ductile
fracture characteristic. For the specimen at 400◦C, a
mixed pattern with uneven dimples and quasi-cleavage
are observed with some precipitations at the bottom of
microbores. A few macroscopic-voids are clearly seen
as shown in Fig. 12b, which exhibits a characteristic of
brittle fracture. The microstructure of the quasi-static
tensile specimens at 537◦C is similar to that at 400◦C.
It is consistent with the elevated temperature embrittle-
ment phenomenon caused by the sensitization.

The tensile impact fractograph (SEM) of SUS304
specimens at 25◦C is shown in Fig. 13. Compared with
the quasi-static specimens, the fracture surface looks
smoother without distinct shear lip. The fractograph
shows a typical dimple pattern, with egg-shaped scatter-
ing near the edge of the surface as shown in Fig. 13a and
even uniaxial in the central part. A few microbores ac-
companied with the precipitation of secondary phases
can be found apparently as shown in Fig. 13b. The ten-
sile fracture surfaces at 250 and 537◦C are similar to
those at 25◦C. The precipitation of carbides and the
deformation without distinct shear lip might denote a
significant reason, which leads to the degradation of
unstable strain, compared with that at 0.001 s−1 and
25◦C. Furthermore, the difference of fracture surfaces
between tensile impact and quasi-static specimens re-
veals different deformation and fracture mechanisms
corresponding to each loading condition. Its mecha-
nism needs to be investigated further.
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Figure 12 Tensile fractograph (SEM) of SUS304 at strain rate 0.001 s−1 and different temperatures: (a) 25◦C and (b) 400◦C.

Figure 13 Tensile fractograph (SEM) of SUS304 at strain rate 1200 s−1 and 25◦C: (a) egg-shaped dimples and (b) uniaxial dimples.

The volume fractions of transformation to marten-
site near the fracture surface are shown in Fig. 14. It
can be seen that the austenite in SUS304 is metastable.
The deformation-induced martensite transformation is
correlated with the environment temperature in the
quasi-static tests. The volume fraction of transfor-
mation to martensite decreases with the increasing

Figure 14 Volume fraction of martensite (Ma) and unstable strain (εb)
vs. temperature at ε̇ = 0.001 s−1 and ε̇ = 1200 s−1.

temperature, which is consistent with the results re-
ported in Ref. [30–32] and the elevated temperature em-
brittlement phenomenon at quasi-static loading. Based
on the thermodynamics of martensite transformation,
it is well known that the influence of temperature on
γ → α′ transformation is both positive and negative.
On one hand, with increasing temperature, the deforma-
tion is easily taking place due to the matrix softening,
which promotes γ → α′ transformation. On the other
hand, the austenite is more stable at higher tempera-
tures and the critical stress of γ → α′ transformation
increases as well [33]. Especially, when the tempera-
ture reaches or exceeds the sensitization temperature,
the carbide deposition occurs in the γ crystal bound-
ary. Such carbides restrain the plastic deformation of
material so as to affect γ → α′ transformation. For
SUS304 stainless steel, the latter plays predominant
role in γ → α′ transformation. That is why the volume
fraction of transformation to martensite in the present
paper is lower at the same strain, compared with the re-
sults in Ref. [34]. Fig. 14 also shows a new phenomenon
that the volume fraction of transformation to marten-
site is not sensitive to the environment temperature un-
der high rate loading condition. The volume fraction of
γ → α′ transformation under tensile impact at 25◦C is
approximately half of that under quasi-static tension at
25◦C, which agrees with Ref. [34]. However, at elevated
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temperatures, the volume fractions of γ → α′ transfor-
mation under tensile impact are several times to those
under quasi-static loading. Such phenomenon reveals
that the volume fraction of γ → α′ transformation de-
pends not only on strain and temperature but also on
strain rate. The mechanism needs to be investigated in
the future.

4. Conclusion
1. An elevated temperature tensile impact experi-

mental technique has been developed, using the rotating
disk indirect bar-bar tensile impact apparatus with ele-
vated temperature furnaces. Temperatures up to 800◦C
in the specimen have been obtained by means of rapid
contact heating.

2. SUS304 stainless steel is a sort of temperature
and strain-rate dependent metal, i.e., the strain rate has
the effect of strengthening on yield stress and ultimate
stress, but embrittling on unstable strain. The unstable
strain decreases with increasing temperature at a con-
stant strain rate, exhibiting elevated temperature em-
brittlement phenomenon.

3. The microstructure analysis reveals that the ele-
vated temperature embrittlement phenomenon is due
to the ‘sensitization’ of SUS304. In the case of impact
loading, the adiabatic temperature rise is also capable
of leading to sensitization. The differences of speci-
mens’ fractograph between tensile impact and quasi-
static tension probably involve different deformation
and fracture mechanisms.

4. The volume fraction of γ → α′ transformation
depends on strain, temperature and strain rate. Its
mechanism is worth discussing and investigating in
the future.
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