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Abstract: Mechanical tests of high-nitrogen austenitic stainless steel (HNS) were performed at strain
rates of 10° —10° s ! generated by a split Hopkinson bar apparatus and under different temperatures from 293
K to 873 K. The influences of strain rate and temperature on the plastic flow stress of HNS were analyzed by
comparing the dynamic tests with quasi-static tests. The results show that the dynamic mechanical behavior of
HNS is significantly sensitive to strain rate and temperature; the flow stress increases rapidly when strain rate
exceeds 400 s~ '; and at the same strain rate, the flow stress increases as temperature decreases. The coupling
effect of strain rate and temperature on the plastic deformation behavior of HNS was investigated. The results
indicate that the thermal softening effect plays a key role in the dynamic plastic deformation process of HNS.
Based on the classical Johnson-Cook constitutive model, a modified Johnson-Cook constitutive model was given
which can describe the dynamic mechanical behavior of HNS properly.
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High-nitrogen austenitic stainless steels (HNS) are becoming important engineering materials.
Their excellent properties, such as high strength, ductility, toughness and work hardening, non-mag-
netism, good corrosion resistance and reduced tendency to grain boundary sensitization are of great in-

terest for sea water systems, chemical and nuclear industries, and military application"!

. As a poten-
tial armor protective material, High-nitrogen stainless steels will suffer from various dynamic loads
such as explosive blast or projectile impact. In the process of projectile impact, the materials will en-
dure high strain rates and high temperatures. In these conditions, the mechanical properties of mate-
rials could be different from quasi-static mechanical properties. Therefore, it is significant to find out
about the mechanical behaviors of HNS in both low and high rates deformation processes.
Investigations of HNS’s mechanical behavior have been carried out for many years, and some achieve-
ments have been made. Tomota et al. '™ discovered a trans granular cleavags like fracture facet in Cr-Mn-N
austenitic stainless steels, which is a totally different fracture mechanism. Speidel ez al. ™ studied the dynam-
ic mechanical behavior of high-nitrogen steel by ballistic tests, and the results show that the material’s
strength increases strongly under high strain rate impact. The material exhibits an obvious impact hardening
phenomenon in the projectile impact area, which can enhence its protection capability obviously. Frechard et
al. ™ discovered that B66 high-nitrogen steel has high-strain hardening rate, good ductility and great rate sen-
sitivity. They also studied the temperature sensitivity of the material over a large temperature range from
77 K to 673 K. Peng et al. ™ studied two kinds of high-nitrogen steels (air cooling and water cooling sepa-

rately) , and found that the flow stresses of two materials are much sensitive to the strain rate. The materials

present the strain hardening behaviors, but the dynamic yield stress of the materials has relatively weak strain
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rate sensitivity. Chen ez al. ™ studied the ballistic capability of high-nitrogen steel plates (with the mass frac-
tion of nitrogen of 0.56 %) of various thicknesses, and found that the impact hardening behaviors of the ma-
terial is obvious, and the material has shown excellent protection capability. But up to now, few studies are
documented on the dynamic mechanical behavior and constitutive relation of HNS under high temperature
tests.

In this study, dynamic tensile tests were performed to investigate the deformation behavior of
HNS over a large range of strain rates and temperatures. The sensitivities of HNS to temperature and

strain rate are investigated, and a modified Johnson-Cook constitutive model of HNS was established.
1 Experimental procedure

1.1 Material

The high-nitrogen austenitic stainless steel used in this study was manufactured by Beijing Iron
& Steel Research Academy. The nominal chemical composition of as-received ingots is shown in
Table 1. The as-received material was supplied as plates of 20 mm thickness.

1 IRASRERGEIEHNNEIELERS

Table 1 Chemical composition of the as-received high-nitrogen austenitic stainless steel

£l . Mass fraction/ El . Mass fraction/ El . Mass fraction/ £l . Mass fraction/
lemen “lemen “lemen “lemen
% % % %
N 0. 88 Ni 2.01 Mo 0. 0001 w 0. 005
Mn 19. 28 Cr 19. 32 Cu 0.031 C 0.03
1.2 Tests

Quasi-static tensile tests were performed on a material test system (MTS) at deformation rates of
0.5, 2, 5, 20, 40 and 60 mm/min, respectively. Quasi-static tensile properties of HNS were meas-
ured on two kinds of smooth cylindrical specimens, with diameter 10mm-gauge length 70 mm and di-
ameter 4mm-gauge length 30 mm., respectively.

Dynamic tests were carried out at the strain rates of 10°—10° s ' by using a split Hopkinson tension bar
equipment (SHTB)*®,

of a gas gun, an incident bar, a transmitted bar, a striker, a buffer bar, a shock absorber, and strain gauge

The illustraiton of the SHTB equipment is shown in Fig, 1. The equipment consists

circuits to measure the strain signals in the bars. In the tests, the gas gun launches the tubular striker to im-
pact the incident bar. The transfer {lange transfers the incoming elastic compressive stress wave into the elas-
tic tensile stress, which then travels through the incident bar toward the specimen. When the tensile stress
wave propagates to the interface between the bar and the specimen, part of the wave is transmitted through
the transmission bar as a tensile wave, and the rest is reflected back to the incident bar as a compressive
wave. The stress wave reverberates in the specimen until a nominally homogeneous stress state is achieved.
The strain signals were transferred into electrical signals by high dynamic strain indicator; the electrical sig-
nals were recorded by the multi-channel transient digital recorder.

For the temperature testing, the specimens were enclosed in a clamshell radiant-heating furnace
with an internal diameter of 100 mm and with a heating wire of 500 mm in length. The specimen’s
temperature was monitored by a thermocouple placed inside the furnace and contacted with the
specimen’s surface. A variable transformer was used to control the temperature of the furnace. In or-
der to reduce the temperature’s influence on the strain gauges, a circulating water device was used to

cool the ends of the bar which is heated.
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Fig. 1 Schematic of the split-Hopkinson tension bar (SHTB)

2 Results and discussion

2.1 Effects of strain rate

True stress-strain curves of HNS obtained from tensile tests at various strain rates under room tempera-
ture are presented in Fig. 2. The curves show nearly the same flow-stress trend for both dynamic tests and
quasi-static tests. But the strain hardening is more evident in the quasi-static tests than that in the dynamic
tests. At high strain rate, the flow stress increases little as the plastic strain increases; the curve is nearly
parallel to the strain axis when the strain rate exceeds 10° s™*. Tt also shows that, as the strain rate increases.,
the flow stress increases accordingly. The dynamic curves show a distinct strain rate effect on the flow stress
compared with the quasi-static curves. The yield stress is about 857. 1 MPa at the strain rate 4, 8 X10 % s ',
and the Young’s modulus of HNS is 204 GPa. The flow stress level at high strain rate is about 500 MPa high-
er than that obtained at low strain rate.

Since the stress-strain curves from the dynamic tests show no evident yield platform and it is not
accurate enough for their elastic sections, it is not easy to locate the yield point in a curve directly. In
this study, two straight lines were used to assign the yield point, one fitted with the plastic section of
the stress-strain curve, and the other plotted at strain of 0. 2%, the slope of which is the value of
HNS’s Young’s modulus (204 GPa). The stress value of the cross point of the two straight lines was

defined as the yield stress. This method is shown in Fig. 3.
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Fig. 2 True stress-strain curves Fig. 3 Method of assigning
of HNS at different strain rates yield point

Fig. 4 illustrates the relationship between yield stress (o,) and strain rate (¢) at room tempera-

ture. It can be noted that the o, vs. lge relationship cannot be expressed linearly. Instead, the data
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matically with increasing strain rate. The strain g 1200k i
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A= (o4 —0,)/1lg (e —e,), where o, is the quasi- Strain rate/s™!
static yield stress at the strain rate €, o4 is the dy- & 4 )75 200 I IR Y AT B 5
namic yield stress at the strain rate €4 and o, is the Fig. 4 Influence of strain rate on yield stress

flow stress corresponding to the transition strain
rate €,. The values of A, and A, are 19 and 296 respectively in Fig. 4.

It can be seen that the dynamic strain rate sensitivity is higher than the low strain rate sensitivity.
This difference in slope implies that different deformation mechanisms govern in these two ranges.
The dominant rate-controlling mechanism is thermally activated at low strain rate and it tends towards
a dislocation of viscous damping when the strain rate increases continuously.

2.2 Effects of temperature

Fig. 5 shows the curves of true stress via true strain at various temperatures from 293 K to 873 K,
at the same striker driving-pressure (1.3 MPa). It also gives the values of strain rates corresponding
to the tests at each temperature. It shows that as the temperature increases, the strain rate increases
as well though under the same driving-pressure. That is caused by the high deformation rate in dy-
namic tests at high temperature. Thus, for the dynamic tests under high temperatures, the deforma-
tion behavior of the material is influenced simultaneously by both strain rate and temperature.

The yield stress of each test at high temperature was obtained by using the same method introduced in
Chapeter 2. 1. Fig. 6 presents the influence of strain rate and temperature on yield stress. The projections of
data points on the vertical coordinate plane were acquired. From that, the yield stress increases rapidly with
the decreasing of temperature. it means that the thermal softening effect plays a key role in the dynamic de-
formation process in high temperature tests. Namely, the strain rate hardening effect was very weak in these
conditions because all the high temperature tests were under the same striker driving-pressure, and the chan-

ges of strain rates of the tests were not much. It can be inferred that, over a large range of strain rate and
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Fig. 5 True stress-strain curves of Fig. 6 Influence of temperature and strain rate

HNS at different temperature on yield stress from high temperature tests
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temperature, the material’s deforming mechanism was dominated by the competitive relation between the
thermal softening effect and the strain rate hardening effect.
2.3 Constitutive model

The Johnson-Cook model relates the three mechanisms, i. e. the work hardening, the strain rate
hardening, and the thermal softening. that are responsible for the deformation behavior of materials.
The main advantage of this model is that, it is relatively easy to correlate with the minimum of experi-
mental data in the form of stress-strain curves at different strain rates and temperatures. The John-
son-Cook model assumes that the slope of the flow stress curve is independently affected by strain

[9

hardening, strain rate hardening, and thermal softening behaviors™ and the law is given as

6y =(A+ Be!)(1+Clne, )1 —T"™) (D
where 0., is the equivalent flow stress, e, is the equivalent plastic strain, éj;l is the dimensionless e-
quivalent plastic strain rate, éfq ZéQq/éo and ¢, is the reference accumulative plastic strain rate, and T~
=(T—T,)/(T,—T,), T" is the dimensionless temperature, T, is the melting temperature of the
material and T, is the room temperature. The constant parameters, i.e. A, B, C, n and m, are fitted
to the data obtained by the tests.

The equivalent stress-strain curves of the quasi-static tests are fitted by the Johnson-Cook model, where
€ is set as 4. 8X 107" s, T, as 293 K. So A=857.1 MPa, B=1758. 0 MPa, and n=0. 82 can be obtained.
In the Johnson-Cook model, the o, vs. Ine., relationship is expressed linearly. According to Fig. 4, it can be
noted that the o, vs. lge relationship is not expressed by a single line. It indicates that the Johnson-Cook mod-
el has not considered the change of the plastic deforming mechanism for HNS.

Fig. 7 gives the plots of the influence of strain rate on the yield stress, and the fitted curve by the
Johnson-Cook model. The value of the parameter C is obtained as 0. 046. From Fig. 7, it can be seen
that the Johnson-Cook model cannot be fitted with the test data very well, because the material has
different sensitivities at low strain rates and high strain rates. In this study, a modified model was
used, the data obtained from low strain rate tests and high strain rate tests were fitted separately by
two straight lines. The parameters C;, =0. 021 and C,=0. 318 were used to represent the slopes of the
two straight line respectively.

From Chapter 2. 2, it can be known that, the deformation behavior of the material is influenced
by strain rate and temperature simultaneously in the dynamic tests under high temperatures. Thus,
the yield stress, which acquired directly from test data, contains the effect of strain rate, though the
strain rate of the tests were not much different. In the Johnson-Cook model, it is assumed that the
slope of the flow stress curve is independently affected by the strain hardening, the strain rate harden-
ing, and the thermal softening behaviors. Thus the yield stress, influenced by temperature, can be
obtained by using the Johnson-Cook model to uncouple the strain rate effect. Fig. 8 plots the influence
of dimensionless temperature on yield stress. By fitting the data with 6,,—=A(1—T""), the parameter
m=0.55 is obtained.

In this study, the yield stress data at low and intermediate strain rates were not provided, for the
lacking of appropriate experimental means. The Johnson-Cook model of HNS obtained above, which
described the mechanical behavior at quasi-static and high strain rate, can help predict the flow behav-
ior of HNS under low and intermediate strain rate range.

2.4 Verification of constitutive model
The Johnson-Cook model of HNS was obtained by correlating the tests data, which contains two

expressions at different strain rates. The modified Johnson-Cook model is given as follows:
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By comparing the equivalent stress-strain curve from the tests with the modified Johnson-Cook
model, the accuracy of the model can be verified. Fig. 9 shows the test curves at different strain rates
at room temperature and the relevant curves obtained from the modified Johnson-Cook model. In the
Johnson-Cook model, the necking phenomenon is not taken into account, thus only the comparison of
the curves before necking makes sense. It is noted that the model presicts well about the test results
when the strain rate is below 10° s™'. As the strain rate inceases, there is obvious high frequency os-
cillation in the test curves, which is caused by the screw connection between the specimen and the
Hopkinson bars. It causes the flow stress value of the curves’ initial part higher than the predicted
value from the model. Fig. 10 plots the curves of tests at high temperatures and the relevant curves
obtained from the modified Johnson-Cook model. It can be seen that the modified model can predict
the material’s dynamic mechanical behavior at high temperature very well.

Generally the modified Johnson-Cook model can describe the dynamic mechanical behavior of

HNS properly.
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Fig. 9 Curves of tests and model under different strain rates Fig. 10 Curves of tests and model at high temperatures

3 Conclusion

It has been shown that the flow stress of HNS is strongly influenced by strain rate and tempera-
ture. This material exhibits a great strain rate hardening effect, and its sensitivity at high strain rates

is much higher than that at low strain rates. The thermal softening effect seems to be a key role than
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strain rate hardening effect in dynamic tests at high temperature. The modified Johnson-Cook model
of HNS was obtained. Verified with test data, this model describes the observed flow behavior of

HNS quite satisfactorily.
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