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a b s t r a c t 

This paper presents a systematic study of the thermo-viscoplastic behavior of a 304 austenitic stainless steel (ASS).

The experiments were conducted over a wide range of strain rates (10 − 3 s − 1 to 3270 s − 1 ) and temperatures 

(-163°C to 172°C), for which the deformation behavior of 304 ASS becomes more complex due to the strain- 

induced martensitic transformation (SIMT) effect. Dynamic tests at low/elevated temperatures were conducted

using the Hopkinson technique coupled with a cooling device/heating furnace, and temperature distribution

within the specimen was verified to be uniform. Experimental results showed that the strain hardening rate of

304 ASS was strongly affected by SIMT effect. For quasi-static tests (10 − 3 s − 1 to 1 s − 1 ) at low temperatures 

(-163°C to -20°C), the stress-strain relations exhibited an S-shape and a second strain hardening phenomenon.

The strain rate sensitivity and temperature sensitivity of 304 ASS were also different from metallic materials

deformed by dislocation glide. Several unexpected phenomena including the negative strain rate sensitivity and

the changing temperature sensitivity from quasi-static to dynamic tests were observed. Based on experimental

results, an extension of the Rusinek-Klepaczko (RK) model considering SIMT effect was used to simulate the

deformation behavior of 304 ASS: it predicted flow stress curves of 304 ASS above -60°C correctly. In addition, to

validate the extended RK model and the identified model parameters, numerical simulations of ballistic impact

tests of 304 ASS plates at various temperatures were carried out, showing a good agreement with experiments.
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. Introduction

As a representative of transformation induced plasticity (TRIP)

teels [1] , 304 ASS has a unique combination of high strength and high

uctility [2] . Its beneficial mechanical properties come from the SIMT

ffect, which means that upon plastic deformation process the initial

ustenite phase ( 𝛾) transforms into the stable martensite phase ( 𝛼′ );

hus, both improved work hardening rate and significantly enhanced

uctility can be achieved. 304 ASS is widely used in many engineering

reas ranging from liquefied natural gas storage at cryogenic tempera-

ures [3,4] to crash-resistant structures in automotive industry at room

emperature [5,6] and nuclear facilities at elevated temperatures [7] .

herefore, much work has been done to investigate the deformation

ehavior of 304 ASS under various strain rates and temperatures. 

The effect of temperature on the deformation behavior of 304

SS is different from the commonly used alloys with the deformation

echanism of dislocation glide. As shown in Fig. 1 , at temperatures
s  

Z  

A  

t  
ower than M d , the temperature below which martensitic transforma-

ion occurs automatically or can be triggered by plastic deformation

5,6] , stress-strain relations of 304 ASS exhibit an S-shape and a second

ardening phenomenon. This is caused by the martensitic transforma-

ion effect. At temperatures above M d , the deformation mechanism

f 304 ASS changes into dislocation glide [5] . With increasing tem-

erature, dislocation annihilation due to the cross slip and climb of

islocations is accelerated [8] ; thus the strength of 304 ASS decreases

ithout the second hardening phenomenon. Byun et al. [9] studied

he quasi-static tension behavior of 304 ASS at temperatures between

 150°C and 450°C. It was observed that both the yield stress and the

ltimate tensile strength decreased with increasing temperature T 0 ,

nd the optimal ductility peaked at 20°C. At temperatures lower than

0°C, a second hardening phenomenon accompanied by martensitic

ransformation was observed. Hamada et al. [10] investigated the

uasi-static deformation behavior of 201 and 201 L austenitic stainless

teels at temperatures ranging from − 80°C to 200°C and obtained

imilar results: the flow stress increases with decreasing temperature.

heng and Yu [11] studied the quasi-static tension behavior of 304

SS at temperatures between − 253°C and 20°C and found that both

he flow stress and the strain hardening rate increased with decreasing

https://doi.org/10.1016/j.ijmecsci.2019.105356
http://www.ScienceDirect.com
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Fig. 1. Schematic illustration of the deformation mechanism of TRIP steels at different temperatures: stress assisted plasticity ( 𝑀 𝑠 − 𝑀 

𝜎
𝑠 
), strain-induced plasticity

( 𝑀 

𝜎
𝑠 
− 𝑀 𝑑 ), and dislocation glide plasticity ( > M d ) [12] . 
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Table 1

Chemical composition of the 304 ASS given by the supplier (wt%).

Material C Cr Mn N Ni Co Cu Fe

304 ASS 0.018 17.60 1.64 0.72 8.04 0.20 0.33 Bal
emperature. In addition, due to the thermally induced martensitic

ransformation before tests, the yield stresses at − 253°C and − 196°C

ere significantly higher than for the other temperatures. 

The effect of strain rate on the deformation behavior of 304 ASS can

e explained in two strain regimes: at the initial stage of deformation,

he constitutive behavior of 304 ASS is dominated by dislocation slip.

he flow stress increases with increasing strain rate as the time available

or a dislocation to wait in front of an obstacle for the additional ther-

al energy is reduced [8,13] . However, when it comes to large strains,

he strengthening effect originated from SIMT is inhibited by adiabatic

eating, and the corresponding strain hardening rate decreases. Consid-

ring the effects of strain rate on both dislocation slip and SIMT, either

ositive [14,15] or negative [3,16] strain rate sensitivity at large strains

as observed. Lichtenfeld et al. [17] investigated the tension behavior

f 304 L stainless steel under various strain rates (10 − 4 s − 1 to 4 × 10 2 

 

− 1 ) at room temperature. The yield stress increased continuously with

ncreasing strain rate. However, the ultimate strength declined first in

uasi-static strain rates (10 − 4 s − 1 to 10 − 2 s − 1 ) and then began to increase

n dynamic strain rates (10 − 1 s − 1 to 4 × 10 2 s − 1 ). A similar phenomenon

as observed by Ishikawa and Tanimura [18] in 304 N stainless steel. 

From the literature review, the deformation behavior of 304 ASS

as been investigated massively. Previous studies mainly focused on

uasi-static behavior at various temperatures or dynamic behavior at

oom temperature. Although the combined effects of temperature and

ynamic loading on mechanical properties of 304 ASS are frequently

ncountered such as liquefied natural gas storage ( − 163°C) and sheet

etal forming (20°C to 300°C), the corresponding deformation behavior

s not clearly understood. In addition, at temperatures above M d , the

eformation behavior of 304 ASS is similar to that of the commonly

sed steels. However, at temperatures lower than M d , the deformation

ehavior of 304 ASS becomes complex due to the SIMT effect. Hence, a

eformation behavior study of 304 ASS especially focusing on temper-

tures below M d (140°C for the studied material) can be interesting. 

In this paper, the compression behavior of 304 ASS has been

tudied over a wide range of strain rates and temperatures. In industrial

pplications, strain rates can reach 2000 s − 1 with a common regime

ying around 10 − 3 –10 s − 1 [19] . Considering the strain rate limitations
f the adopted SHPB technique and the flow stress level of the studied

04 ASS, four quasi-static strain rates (10 − 3 s − 1 , 10 − 2 s − 1 , 10 − 1 s − 1 

nd 1 s − 1 ) and three dynamic strain rates (1550 s − 1 , 2370 s − 1 , 3270

 

− 1 ) were selected. For the testing temperature, much work concerning

eformation behavior of 304 ASS at room or high temperature can

e found, but studies at lower temperature is rare. In this work, six

emperatures covering low temperature ( − 163°C, − 60°C and − 20°C),

oom temperature (20°C) and temperatures respectively below M d 

88°C) and slightly higher than M d (172°C) were considered. 

First, self-designed heating furnace and cooling device are coupled

o the conventional SHPB device for dynamic compression tests not

nly at low but also at elevated temperatures. The set-up reliability

s verified by both experiments and numerical simulations. Then,

ompression tests of 304 ASS have been conducted and the effects of

emperature and strain rate on the deformation behavior of 304 ASS

re discussed in detail. An extension of the Rusinek–Klepaczko (RK)

onstitutive model [20,21] considering martensitic transformation is

hosen to describe the temperature and strain rate-dependent con-

titutive behavior. Finally, to verify the prediction capability of the

xtended RK model, numerical simulations of ballistic impact tests of

04 ASS have been carried out and compared to experiments. 

. Material behavior and set-up description

.1. Material and specimens 

The material considered herein is a commercial 304 stainless steel

roduced by Thyssenkrupp Materials, available in annealed plates

dimensions: 1000 ×100 ×12 mm 

3 ). According to the manufacturer’s

pecification, the chemical composition of the steel is given in Table 1 . 



Fig. 2. The normal direction IPF of 304 ASS.

Fig. 3. Schematic diagram of the conventional SHPB set-up.
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The microstructure of the 304 ASS was characterized by electron

ackscatter diffraction (EBSD) technique. By applying a step size of

 𝜇m and considering a misorientation angle of 5°, the normal direction

nverse pole figure (IPF) is shown in Fig. 2 . It is seen that the 304 ASS

onsists of 100% austenite phase with an average grain size of 28 𝜇m. 

The specimens used for compression tests are cylinders 3 mm high

nd 6 mm in diameter. As reported in [22] , a height to diameter ratio of

 0 = 0.5 helps to reduce the friction and the inertia effects. The specimens

ere machined from the as-received plate along the rolling direction

sing wire electrical discharge machining (WEDM) technique. To avoid

uckling and to ensure a uniform stress state inside the specimens,

he specimen end faces were coated with lubricant. To ensure the

eliability of the experimental results, three tests were performed for

ach temperature and strain rate combination. The average curve for

ach condition is depicted as the reference in this work. 

.2. Quasi-static and dynamic compression tests 

Quasi-static tests at room temperature were conducted using a

wick/Roell 200 kN universal testing machine. For tests at low and

igh temperatures, a cooling device or a heating furnace was used. 

To study the dynamic behavior of 304 ASS, compression tests with

verage strain rates around 10 3 s − 1 and initial temperatures varying

etween − 163°C and 172°C were carried out using an SHPB set-up.

he SHPB device, Fig. 3 , consists of two long elastic bars (length of

 B = 1500 mm and diameter of D 0 = 20 mm), a compression speci-
en sandwiched between them and a projectile. When the projectile

mpacts the input bar with an initial velocity V 0 , an incident wave

 I = 𝜌C 0 V 0 /2 E is induced with a celerity 𝐶 0 = 

√
𝐸∕ 𝜌 ( E and 𝜌 are

oung modulus and density of the SHPB bars, respectively). Due to the

ross-section difference and the mechanical impedance between the

ars and the specimen, part of the incident wave is reflected back as

 R ( t ) and the rest transfers into the second bar as 𝜀 T ( t ). Using the three

aves measurement, the average stress-strain relations of the tested

aterial may be determined. A complete description of the stress wave

nalysis to define material behavior may be found in [23] . 

For dynamic tests at elevated temperatures, a heating furnace

oupled to the conventional SHPB set-up is adopted. An illustration of

he furnace is shown in Fig. 4 . During the heating process, the specimen

ogether with part of the incident and transmitter bars are heated. Two

hermocouples are used to monitor the temperature of the specimen

nd the furnace environment, respectively; the latter can provide

eedback to the temperature controller to adjust the heating rate. The

aximum testing temperature by the heating furnace is close to 250°C.

Concerning dynamic tests at low temperatures, a cooling device

ased on pulsed cryogenic gas method has been developed, Fig. 5 (a).

he cold nitrogen gas flows from a liquid nitrogen tank through an

luminum pipe into the cooling box. The temperature inside the cool-

ng box is monitored by a thermocouple connected to a temperature

ontroller. Once the environmental temperature reaches the set value,

he temperature controller cuts off the power of the pump to stop the



Fig. 4. Heating furnace for high temperature

tests: (a) a schematic illustration and (b) the

complete device.

Fig. 5. Cooling device for low temperature tests: (a) between − 90°C and − 20°C 

and (b) − 163°C. 1) liquid nitrogen tank, 2) cooling box, 3) pump for nitrogen 

gas flow, 4) temperature controller, 5) pipe for the nitrogen gas flow, 6) ther- 

mocouple.
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Fig. 6. Temperature evolution in the specimen with the environmental temper- 

ature varies between − 163°C and 200°C. 
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itrogen gas flow. By this method, the temperature varies precisely

rom − 90°C to − 20°C. In addition, to decrease strongly the initial

emperature, the cooling box is filled with liquid nitrogen directly. By

his method, a minimum temperature of − 163°C can be reached. 

Since the heating furnace and cooling device for high/low tem-

erature tests are home-developed, their reliability should be checked

efore testing. Hence, the temperature evolution of the heating fur-

ace/cooling device has been measured experimentally and is presented

n the next section. In addition, the temperature distribution inside the

pecimen was further estimated by finite element method (FEM) based

n thermal heat transfer approach. 

. Calibration and heat transfer modeling of the heating

urnace/cooling device 

The temperature evolution of the specimen and the environment is

easured experimentally, and the result is shown in Fig. 6 . By setting

he environmental temperatures of the heating furnace/cooling device

o be 200°C, 100°C, − 25°C, − 68°C and − 163°C, the corresponding

emperatures of the specimen are 172°C, 88°C, − 20°C, − 60°C and

 163°C. The waiting time T w for the specimen temperature to be stable

hanges depending on the initial temperature T 0 . It increases from

 w = 270 s at − 163°C continuously to T w = 1820s at 172°C. By changing

he environmental temperature of the heating furnace/cooling device

etween − 163°C and 200°C, the corresponding temperature in the

pecimen varies from − 163°C to 172°C. 

To analyze the temperature distribution in the heating fur-

ace/cooling box more precisely, numerical simulations using COMSOL
ultiphysics have been conducted. The thermal transfer is described

y the generalized transient heat equation, Eq. 1. 

. 𝐶 𝑝 ( 𝑇 ) . 
𝜕𝑇 

𝜕𝑡
− ∇ . ( 𝑘 ( 𝑇 ) . ∇ 𝑇 ) = 0 (1)

The thermal conductivity k ( T ) and the specific heat C p ( T ) of 304

SS may be found in [24] . The boundary conditions are defined in

q. (2) and Fig. 7 . 

- Natural convective heat flux q c on the free surfaces of the heating

furnace/cooling device and the SHPB bars. 

- Forced convective heat flux q f through the free surfaces of the

specimen and the SHPB bars by hot air, cold nitrogen gas or liquid

nitrogen. 

- Thermal contact heat flux q int between interfaces of the specimen

and the SHPB bars. 

- Hot air inflow and outflow with certain temperatures and velocities.

⎧ ⎪ ⎨ ⎪ ⎩ 
𝑞 𝑐 = − ℎ 𝑐 

(
𝑇 − 𝑇 0 

)
𝑖𝑛 𝜕 Ω𝑐 

𝑞 𝑓 = − ℎ 𝑓 
(
𝑇 − 𝑇 0 

)
𝑖𝑛 𝜕 Ω𝑓 

𝑞 𝑖𝑛𝑡 = ℎ 𝑖𝑛𝑡 
(
𝑇 − 𝑇 0

)
𝑖𝑛 𝜕 Ω𝑖𝑛𝑡 

(2)

here h c = 10 W /( m 

2 • K ) and h int = 10 5 W /( m 

2 • K ) are the natural heat

onvection and the layer conductance coefficient, respectively. Values of

 c and h int may be found in [25] . The forced heat convection coefficient

 f is equal to 818 W /( m 

2 ⋅K ) when cooling down the specimen by liquid

itrogen and 109 W /( m 

2 ⋅K ) when nitrogen gas or hot air is used. Values

f h f were obtained by fitting numerical results to the experimental data.

A comparison of temperature evolution between experiments and

umerical simulations is shown in Fig. 6 . It is clear that a good agree-

ent is obtained for all the five temperatures. Therefore, the numerical



Fig. 7. Boundary conditions for temperature distribution analysis using COMSOL Multiphysics: (a) low temperature and (b) elevated temperature.
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imulations can predict the temperature evolution and distribution of

he heating furnace/cooling device correctly. 

Based on the numerical results, the temperature evolution of four

ositions shown in Fig. 8 (a) was recorded; the results are then plotted

n Fig. 8 (b). It is seen that temperatures in points A and B are always

he same, indicating a uniform temperature distribution within the

pecimen. In comparison, temperatures in points C and D are lower

ue to the heat exchange between the SHPB bars and the environment.

he temperature difference between the four points increases when the

esting temperature deviates obviously from room temperature, and a

trong temperature gradient along the SHPB bars is observed for T 0 =
 163°C and 200°C. 

According to Fig. 8 (b), the temperatures in the four positions are

table after a waiting time of 2000s. At T w = 2000s, the temperature

istribution of the specimen and the environment is shown in Fig. 9 .

or tests at low temperatures, as shown in Fig. 9 (a), (b) and (c), a strong

emperature gradient forms along the SHPB bars, but the temperature

istribution within the specimen is uniform with a maximum fluctua-

ion of 0.05°C. For tests at elevated temperatures, as shown in Fig. 9 (d)

nd (e), a temperature gradient is observed from the bottom to the

op of the heating furnace, but the temperature within the specimen

emains uniform with a fluctuation of 1.2°C. 

t  
. Experimental results and discussion

.1. Force equilibrium state within the specimen 

The typical wave signals from one test at 1564 s − 1 and 172°C are

hown in Fig. 10 (a). In order to obtain an accurate deformation behavior

escription using the SHPB technique, force equilibrium state within the

pecimen is necessary. Hence, a parameter proposed by Ravichandran

nd Subhash, R ( t ), is used to evaluate the force equilibrium condition. 

 ( 𝑡 ) = 

|||||
Δ𝐹 ( 𝑡 )
𝐹 𝑎𝑣𝑔 ( 𝑡 ) 

||||| = 2 
||||𝐹 1 ( 𝑡 ) − 𝐹 2 ( 𝑡 ) 
𝐹 1 ( 𝑡 ) + 𝐹 2 ( 𝑡 ) 

|||| (3)

here F 1 ( t ) and F 2 ( t ) are the two forces acting on the end faces of the

pecimen, respectively. They are calculated as F 1 ( t ) = EA ( 𝜀 I ( t ) + 𝜀 R ( t ))

nd F 2 ( t ) = EA 𝜀 T ( t ), where E and A are Young’s modulus and the

ross-sectional area of the SHPB bars, respectively. ΔF ( t ) and F avg ( t ) are

espectively the difference and the average of the two forces. A force

quilibrium state is achieved when R ( t ) is close to zero. 

Based on the experimental results in Fig. 10 (a), the variation of true

tress, strain rate and force equilibrium coefficient with true strain is cal-

ulated and shown in Fig. 10 (b). It can be seen that R ( t ) is always lower

han 0.1, except a fluctuation at a true strain of 0.02. Therefore, force



Fig. 8. (a) Positions of temperature measurement and (b) temperature evolution of the four positions.
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quilibrium state is achieved from the very beginning of the test and

aintains up to the maximum strain. The verified dynamic force equi-

ibrium condition ensures that the experimentally measured stress-strain

elations give an accurate deformation behavior description of 304 ASS.

.2. True stress-true strain relations of 304 ASS 

The true stress-true strain curves of 304 ASS at temperatures

etween − 163°C and 172°C and strain rates from 10 − 3 s − 1 to 3270 s − 1 

re shown in Fig. 11 . It is seen that for all the tested strain rates and

emperatures, the flow stress increases continuously with increasing

train but the strain hardening rates differ. In quasi-static tests (10 − 3 s − 1 

o 1 s − 1 ) conducted at 172°C, the strain hardening rate decreases slowly

ith increasing strain; as the testing temperature decreases to 88°C, the

ow stress increases almost linearly with a constant strain hardening

ate; with further decrease of testing temperature, the stress-strain

urves exhibit an S-shape and a second hardening phenomenon. As

iscussed in the introduction section, this phenomenon is also observed

y several other authors [14,17,26,27] in TRIP steels and is attributed

o the SIMT effect. For temperatures below M d , which is 140°C for

he 304 ASS, martensitic transformation can be triggered by plastic

eformation. A mixture of martensite and austenite phases is much

arder than pure austenite phase. Therefore, the strain hardening
ate is enhanced. At 172°C, a temperature above M d , the deforma-

ion mechanism changes into dislocation glide: the strain hardening

ate is controlled by a competition between dislocation generation,

ccumulation and annihilation [8] . As is pointed out by the unified

onstitutive model proposed by Lin et al. [8] , the dislocations generate

nd accumulate quickly at small strains, and then the increasing rate of

islocation density decreases gradually at large strains. Therefore, small

train hardening rate at large strains is observed. Concerning dynamic

ests (1550 s − 1 to 3270 s − 1 ) at various testing temperatures, the results

re shown in Fig. 11 (e), (f) and (g). It is seen that the second hardening

henomenon is not obvious anymore as martensitic transformation is

trongly inhibited by the adiabatic heating effect. 

.3. Strain rate sensitivity of 304 ASS 

The variations of flow stress with strain rate as a function of testing

emperature for true strains of 0.05 and 0.2 are plotted in Fig. 12 (a) and

b), respectively. They represent respectively the deformation behavior

f pure austenite phase and a mixture of austenite and martensite

hases. 

As shown in Fig. 12 (a), the variation of flow stress with strain rate

t a true strain of 0.05 is consistent with metallic materials deformed

y dislocation glide: the flow stress first remains constant in quasi-static



Fig. 9. Temperature distribution in the heat- 

ing furnace/cooling device with the specimen

temperatures stable at: (a) − 163°C, (b) − 60°C, 

(c) − 20°C, (d) 88°C and (e) 172°C. 

t  

t  

d  

t  

t  

m  

r

 

s  

i  

−  

a  

s  

F  
ests (10 − 3 s − 1 to 1 s − 1 ) and then increases continuously in dynamic

ests (1550 s − 1 to 3270 s − 1 ). A phenomenon should be noticed: in

ynamic strain rate regime, the strain rate sensitivity is coupled with

emperature. The flow stress increases more slowly at low temperatures

han that at high temperatures. For thermo-viscoplastic behavior

odeling, an item describing the coupling relationship between strain

ate and temperature such as the Arrhenius equation is needed. 
The evolution of flow stress with strain rate at a true strain of 0.2 is

hown in Fig. 12 (b). In quasi-static strain rates, the strain rate sensitivity

s different from that at the true strain of 0.05. For temperatures below

 20°C, the flow stress decreases with increasing strain rate, indicating

 negative strain rate sensitivity. In particular, at − 163°C, the flow

tress in quasi-static tests is even higher than that under dynamic tests.

or temperatures above 20°C, the flow stress does not change obviously



Fig. 10. A typical compression test at 1564 s − 1 and 172°C: (a) the wave signals and (b) the true stress, strain rate and force equilibrium coefficient vs true strain 

curves.
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ith increasing strain rate. In dynamic strain rates, a positive strain

ate sensitivity similar to that at the true strain of 0.05 is observed.

ut the strain rate sensitivity is more pronounced at low temperatures

nstead of the previously observed high temperatures. 

.4. Temperature sensitivity of 304 ASS 

Fig. 13 shows the evolution of flow stress with temperature at differ-

nt strain rates and two strains. As shown in Fig. 13 (a), the flow stress

ecreases with increasing temperature. The decreasing tendencies are

round 1.40 MPa/ °C and 1.74 MPa/ °C for quasi-static and dynamic

train rates, respectively. However, from − 60°C to − 163°C, the dynamic

ow stress increases by merely 20 MPa: the strong temperature sensi-

ivity disappears. A similar phenomenon has been observed in HSLA-65

teel by Nemat-Nasser and Guo [28] when the compression behavior

as studied over a wide range of strain rates and temperatures. Ac-

ording to the thermally activated dislocation motion theory [29] , the

otal flow stress can be divided into two items called the internal stress

𝜇 and the effective stress 𝜎∗ . The two parts describe respectively the

train hardening effect and the thermal activation process, Fig. 14 . 𝜎𝜇 is

ndependent of strain rate and keeps almost constant at different temper-

tures, while 𝜎∗ is strongly affected by the effects of strain rate and tem-

erature. During quasi-static (10 − 3 s − 1 to 1 s − 1 ) tests at various temper-

tures, 𝜎∗ first remains constant and then increases significantly at tem-

eratures lower than 0.1 T m 

( T m 

refers to the melting temperature of al-

oys and is 1300°C for 304 ASS). Hence, from − 60°C (0.13 T m 

) to − 163°C

0.06 T m 

), the flow stress increases with decreasing temperature. When

he strain rate changes from quasi-static to dynamic (1550 s − 1 to 3270

 

− 1 ), 𝜎∗ increases continuously but the stress difference between various

emperatures becomes smaller. Therefore, the previous observed strong

emperature sensitivity almost vanishes in dynamic tests. 

Fig. 13 (b) shows the evolution of flow stress with temperature

t a true strain of 0.2. Under the effects of strain rate on both the

ransformation process and the dislocation motion, the flow stress

ecreases with increasing temperature but the decreasing tendencies in

uasi-static and dynamic tests are different: the flow stress decreases

aster in the former condition than in the latter. 

. Thermo-viscoplastic behavior modeling of 304 ASS

Motivated by scientific and engineering demands, a large number

f constitutive models have been proposed to describe the deformation

ehavior of materials. Basically, they can be divided into two cate-

ories: the phenomenological and the physical based models. The first
ategory describes flow stress of materials according to empirical obser-

ations and does not have any physical background, e.g., Johnson-Cook

odel [31] , Khan–Huang model [32] , Fields–Backofen model [33] ,

olinari–Ravichandran model [34] , Voce–Kocks model [35] , Arrhenius

quation [36] and their variants [37–40] . Another group of constitutive

odels are built according to deformation mechanism of materials,

uch as Zerilli and Armstrong model [41] , Rusinek–Klepaczko model

20] , Voyiadjis–Almasri model [42] and Bodner–Partom model [43] .

n addition, artificial neural network models are increasingly used in

reas of constitutive behavior prediction as they provide a completely

ifferent approach to materials modeling than the traditional statistical

r numerical methods [44] . A detailed description of different kinds

f constitutive models with their advantages and disadvantages can be

ound in [45] . 

According to the deformation behavior analysis of 304 ASS in

ection 4 , a coupling effect of strain rate and temperature exists.

oreover, the deformation behavior is strongly affected by martensitic

ransformation. Therefore, a constitutive model taking the two effects

nto consideration is needed for accurate deformation behavior model-

ng. In this section, an extension of the original RK model considering

artensitic transformation [21] is used to describe the deformation

ehavior of 304 ASS. 

A typical true stress-true strain curve of 304 ASS at − 20°C and 10 − 3 

 

− 1 is shown in Fig. 15 . The curve is divided into two parts: within a true

train of 0.08, no martensitic transformation occurs during the deforma-

ion process; for larger strains, the deformation mechanism changes into

 competition between dislocation slip and martensitic transformation.

he true stress-true strain curve without phase transformation can be

xtended by the same strain hardening rate. The extended curve is as-

umed as the flow stress of 304 ASS without martensitic transformation

nd can be described by the original RK model. The difference between

he real and the extended stress-strain curve is supposed to be caused

y martensitic transformation. The corresponding flow stress can be

escribed by an extended item coupled to the original RK model. 

The item defining martensitic transformation is based on the prob-

bility that the austenite phase will transform into martensite phase

nder certain conditions. No accurate phase fraction measurement is

eeded to define the model parameters. Various martensite fraction

easurement techniques can be used but each of them has the limi-

ations and it is pretty difficult to obtain accurate proportions of each

hase: 

- Metallographic observation is convenient but the results are strongly

affected by sample surface preparation techniques. 



Fig. 11. True stress-true strain relations of 304 ASS as a function of temperature at strain rates of: (a) 10 − 3 s − 1 , (b) 10 − 2 s − 1 , (c) 10 − 1 s − 1 , (d) 1 s − 1 , (e) 1550 s − 1 , (f) 

2370 s − 1 and (g) 3270 s − 1 . 



Fig. 12. Variation of flow stress with strain rate as a function of temperature for true strains of: (a) 0.05 and (b) 0.2.

Fig. 13. Variation of flow stress with temperature as a function of strain rate for true strains of: (a) 0.05 and (b) 0.2.

Fig. 14. Decomposition of the total flow stress into the internal stress 𝜎𝜇 and 

the effective stress 𝜎∗ using the thermally activated dislocation motion theory 

[30] . Fig. 15. The true stress-true strain curve of 304 ASS at − 20°C and 10 − 3 s − 1 . 



Fig. 16. Comparison of flow stress curves between experiments and RK model for (a) 10 − 3 s − 1 , (b) 10 − 2 s − 1 , (c) 10 − 1 s − 1 , (d) 1 s − 1 , (e) 1550 s − 1 , (f) 2370 s − 1 and 

(g) 3270 s − 1 . 
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Fig. 17. The description error of the extended R-K model in prediction of the

experimental data.
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- For EBSD, the severe plastic deformation makes the indexing rate

decrease a lot, so the measurement results are representative only

under small strains. 

- The detection area of XRD is limited to the sample surface. 

- Magnetic permeability measurement is also used to calculate

martensite fraction but the inverse magnetostriction phenomenon

cannot be avoided. 

Without martensite fraction measurement, the error caused by inac-

urate measurement methods can be largely avoided. 

.1. The extended R-K constitutive equation 

Inspired by the thermally-activated dislocation motion theory [29] ,

he original form of the RK model is given as a sum of two components:

he internal stress 𝜎𝜇( 𝜀 
𝑝 
, �̇� 
𝑝
, 𝑇 ) and the effective stress 𝜎∗ ( ̇𝜀 𝑝, 𝑇 ) , Fig. 14 .

he former component is induced by long-range barriers to dislocation

otion and is independent of deformation conditions. In contrast, the

atter component is caused by short-range barriers to dislocation motion

uch as the interactions of dislocations and crystal defects, and can

e overcome by thermal activation process [13] . The two components

re multiplied by a parameter E ( T )/ E 0 to represent the temperature

ependence of Young’s modulus. 

̄

(
𝜀 
𝑝 
, �̇� 
𝑝 
, 𝑇 

)
= 

𝐸 ( 𝑇 ) 
𝐸 0 

[(
𝜀 
𝑝 
, �̇� 
𝑝 
, 𝑇 

)
+ 𝜎∗ 

(
�̇� 
𝑝 
, 𝑇 

)]
(4)

A strain hardening equation similar to the Swift law is used to de-

cribe the internal stress 𝜎𝜇( 𝜀 
𝑝 
, �̇� 
𝑝 
, 𝑇 ) .

𝜇

(
𝜀 
𝑝 
, �̇�
𝑝
, 𝑇

)
= 𝐵 

(
�̇�
𝑝
, 𝑇

)(
𝜀 0 + 𝜀 

𝑝 )𝑛 (�̇� 𝑝 ,𝑇 )
(5)

here 𝜀 0 refers to the value corresponding to the yield point during

uasi-static tests. 

The effective stress 𝜎∗ ( ̇𝜀 𝑝 , 𝑇 ) defines the flow stress induced by ther-

al activation process using an Arrhenius equation: 

∗ 
(
�̇�
𝑝
, 𝑇

)
= 𝜎∗ 0

⟨ 

1 − 𝐷 1

( 

𝑇

𝑇 𝑚 

) 

log log 
( 

�̇� max 

�̇� 𝑝

) ⟩ 𝑚 ∗ 

(6)

here 𝜎∗ 0 is the effective stress at 0 K, D 1 and m 

∗ are material constants.

To define the stress component caused by martensitic transforma-

ion, a third item 𝜎𝑇 𝑟 ( 𝜀 
𝑝 
, �̇� 
𝑝 
, 𝑇 ) is coupled to the original R-K model.

̄

(
𝜀 
𝑝 
, �̇� 
𝑝 
, 𝑇 

)
= 

𝐸 ( 𝑇 ) 
𝐸 0 

[
𝜎𝜇

(
𝜀 
𝑝 
, �̇� 
𝑝 
, 𝑇 

)
+ 𝜎∗ 

(
�̇� 
𝑝 
, 𝑇 

)]
+ 𝜎𝑇 𝑟 

(
𝜀 
𝑝 
, �̇� 
𝑝 
, 𝑇 

)
(7)

𝑇 𝑟 

(
𝜀 
𝑝 
, �̇�
𝑝
, 𝑇

)
= 𝜎𝛼0 𝑓

(
𝜀 
𝑝 
, �̇�
𝑝 
)
𝑔 ( 𝑇 ) (8)

here 𝜎𝛼0 refers to the maximum stress increase caused by martensitic

ransformation. The value should be obtained by mechanical tests at

he lowest temperature of interest. 

𝑓 ( 𝜀 𝑝 , �̇� 𝑝 ) is a phenomenological function to describe the effects of

train rate and strain on the probability of martensitic transformation.

t is given as (
𝜀 
𝑝 
, �̇�
𝑝
)
= 

[
1 − 𝑒𝑥𝑝 

(
− ℎ 

(
�̇�
𝑝 
)
𝜀 
𝑝 
)]𝜉

(9)

(
�̇�
𝑝 
)
= 𝜆0 exp

(
− 𝜆�̇� 

𝑝
)

(10)

here 𝜉 is a constant that defines the strain value for which the austen-

te phase starts to transform into martensite phase. The value can be

etermined according to the interrupt increase in strain hardening rate

f stress-strain curves. ℎ ( ̇𝜀 𝑝 ) is a function that describes the strain rate

ependent martensitic transformation. 𝜆0 and 𝜆 are two shape fitting pa-

ameters. A detailed description concerning the fitting results of phase

ransformation using ℎ ( ̇𝜀 𝑝 ) can be found in [21] .

To define the effect of temperature on the transformation process, a

emperature function g ( T ) is proposed: 

 ( 𝑇 ) = 1 − 

( 

𝑇 − 𝑀 𝑆 

𝑀 − 𝑀 

) 𝑛 

(11)

𝐷 𝑆 
here M S refers to the temperature below which the Gibbs free en-

rgy between austenite phase and martensite phase is high enough for

artensitic transformation to occur spontaneously. M D is the temper-

ture above which martensitic transformation does not occur anymore

nd the deformation mechanism changes into twinning or dislocation

lip. n represents the strain rate sensitivity of the transformation pro-

ess. 

The determination of extended RK model parameters is divided into

wo steps: first of all, the extended curves of 304 ASS under different

train rates and temperatures are regarded as the stress-strain relations

ithout martensitic transformation and are then defined by the original

K model. A detailed description of the fitting procedures can be

ound in [30] . After that, the stress component caused by martensitic

ransformation is defined by the third item 𝜎Tr of the extended RK

odel. In both steps, a least square method is used to minimize the

rror between the calculated data and the experimental results. 

The total number of material constants of the extended RK model

s 12 including 4 parameters to define martensitic transformation. The

tted material parameters of the original R-K model and the extended

tem are shown in Tables 2 and 3 , respectively. 

.2. Comparison between experimental and predicted flow stress of 304 

SS 

A comparison between experiments and predicted stress-strain

urves as well as the corresponding prediction errors are shown in Figs.

6 and 17 , respectively. The prediction error Δ is used to assess the

tting results and is defined as 

= 

1 
𝑁

∑𝑁 

𝑖 =1 

|||||
𝜎
𝑒𝑥𝑝 

𝑖 
− 𝜎

𝑝𝑟𝑒 

𝑖 

𝜎
𝑒𝑥𝑝 

𝑖 

× 100% 

||||| (12)

It is seen from Figs. 16 and 17 that a good agreement is achieved

or testing temperatures between − 60°C and 172°C. The prediction

rrors are respectively 7.6% and 4.9% for quasi-static and dynamic

ests. According to J.A.Rodríguez-Martínez et al. [46] , an obvious

emperature increase still exists in quasi-static tests of TRIP steels, and

t affects martensitic transformation significantly. However, in this

tudy, the quasi-static tests are considered as isothermal. Therefore, the

redicted results for quasi-static tests are not as good as the dynamic

nes. In addition, due to the unexpected low strain rate sensitivity of

04 ASS at − 163°C, Fig. 13 , the predicted flow stress is significantly

igher than the experimental ones with an average error of 21.2%.



Table 2

The fitted parameters of the original RK model for 304 ASS without martensitic transformation.

E 0 (GPa) T m (K) 𝜃∗ (-) 𝜎∗ 0 (MPa) D 1 (-) m 

∗ (-) B 0 (MPa) v (-) n 0 (-) D 2 (-) 𝜀 0 (-)

210 1700 0.9 658 0.58 1.84 1693 0.41 0.39 − 0.19 0.023

Fig. 18. Comparison of strain rate sensitivity between experiments and the extended RK model at true strains of (a) 0.05 and (b) 0.2.

Table 3

The fitted parameters of the extended item describing the marten- 

sitic transformation.

𝜎0 (MPa) M D (K) M S (K) 𝜆 (-) 𝜆0 (-) 𝜉 (-) 𝜂 (-)

1026 413 20 0.60 21.17 10.76 0.82
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his is mainly because in the extended RK model, a phenomenological

nstead of physical function is used to describe the martensitic transfor-

ation process. The function works well within a limited temperature

egime. Compared to sophisticated physical models [47–49] , the

henomenological approach simplifies the finite element (FE) code

mplementation process and helps to reduce the computational time.

owever, for a better martensitic transformation behavior description,

 further improvement of the extended RK model is needed. 

To compare the experimental data with the predicted ones in detail,

he evolution of flow stress with strain rate for two strains 0.05 and

.2 are shown in Fig. 18 . It is clear in Fig. 18 (a) that the extended RK

odel gives a satisfactory prediction of strain rate sensitivity at various

emperatures, except − 163°C. In dynamic strain rates, the coupling

elationship between strain rate and temperature is also captured: the

aterial shows higher strain rate sensitivity at elevated temperatures. In

ig. 18 (b), the negative strain rate sensitivity in quasi-static strain rates

s not predicted correctly. As explained before, this is because in quasi-

tatic tests, the experimentally observed temperature rise is not taken

nto consideration when performing constitutive behavior modeling. 

Concerning predictions of temperature sensitivity, a comparison

etween experiments and the extended RK model is shown in Fig. 19 .

t is clear that the model defines the temperature sensitivity accurately

etween − 60°C and 172°C. In Fig. 19 (b), the decreased temperature

ensitivity with increasing strain rate is also captured. On the whole,

he extended R-K model predicts the deformation behavior of 304 ASS

orrectly for testing temperatures T 0 ≧ − 60°C. 

. Validation of the extended RK model

The utility of a constitutive model lies in not only its capacity of

tting experimentally obtained results but also its ability to predict
eformation behavior beyond the testing conditions. To evaluate the

xtended RK model and the previously defined model parameters, nu-

erical simulations of 304 ASS plates impacted by a conical projectile

t different temperatures have been carried out. 

.1. Numerical model description 

The numerical simulations were performed based on the ballistic

mpact results of 304 ASS reported by Jia et al. [24] . During experi-

ents, 304 ASS thin plates were impacted by a conical projectile under

ub-ordnance velocities ranging from 80 m/s to 180 m/s and initial

emperatures between − 60°C and 200°C. Each plate is a square with a

ide length of 130 mm and a thickness of 1.5 mm. The conical projectile

s a cylinder with a diameter of 12.8 mm and a height of 25 mm. At the

op of the projectile, a conical nose with an angle of 72° is machined. A

etailed description of the ballistic impact set-up, the conical projectile

nd the cooling device/heating furnace for low/elevated temperature

ests can be found in [24] . 

A 3D full-size finite element (FE) model consisting of the projectile

nd the target has been built using software ABAQUS/Explicit, Fig. 20 .

he geometry and dimensions of the target are exactly the same as the

xperimental ones. The target is set as a deformable body, and the con-

titutive behavior is characterized by the previously defined extended

K model. To reduce calculation time, the projectile is regarded as a

igid body with a constant mass of 29 g. The four edges of the target are

xed and no displacement is allowed. The conical projectile is placed

erpendicular to the target with a predefined velocity. For contact

etween the projectile and the target, penalty method with a friction

oefficient of 0.1 is adopted, a value frequently used for dry steel-steel

ontact [50] . The perforation process is assumed as adiabatic, no

eat transfer between the target and the projectile or the surrounding

nvironment is taken into consideration. 

According to a mesh convergence study, the optimal mesh density

istribution in the target is shown in Fig. 21 . The central part of the tar-

et is built with 107380 C3D8R elements (8-node linear brick, reduced

ntegration element) with an initial element size of 0.2 mm. ALE adap-

ive meshing is used to maintain a high mesh quality throughout the

nalysis. In the exterior area, where no projectile/target impact occurs,



Fig. 19. Comparison of temperature sensitivity between experiments and the extended RK model at true strains of: (a) 0.05 and (b) 0.2.

Fig. 20. The finite element model of ballistic impact tests.

Table 4

Failure strains of 304 ASS plate for different testing tem- 

peratures.

Initial temperature ( °C) − 60 − 20 20 200

Failure strain, 𝜀 f 0.49 0.55 0.6 0.67
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Fig. 21. Mesh density distributio
3D8R elements with an initial element size of 1.5 mm are adopted. In

he whole target, five elements across the thickness direction are used.

his mesh density is recommended by several authors when modeling

allistic impact behavior of thin metallic structures [50,51] . 

To be able to capture the fracture process, a failure criterion with

lement deletion is necessary. According to the work of Kpenyigba

t al. [51] , a constant failure strain for each projectile shape is able to

roduce numerical results in a good agreement with experiments. In this

ork, a constant failure strain is assumed for each testing temperature.

ccording to an optimization of ballistic curves, the failure strains for

ifferent testing temperatures were estimated, Table 4 . 
n in numerical simulations.



Fig. 22. Comparison of ballistic curves between experiments and numerical simulations: (a) − 60°C, (b) − 20°C, (c) 20°C and (d) 200°C. 
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Table 5

Parameter 𝛼 under different testing temperatures in both experiments and

numerical simulations.

Initial temperature ( °C) − 60 − 20 20 200

Values of 𝛼 using experimental V R - V 0 2.285 2.239 2.713 2.766

Values of 𝛼 using numerical V R - V 0 2.028 2.005 2.712 2.660
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.2. Numerical results in terms of ballistic curves and fracture patterns 

The experimental results in terms of ballistic curves V R - V 0 are pre-

ented in Fig. 22 . The curves are then fitted to the equation proposed

y Recht and Ipson [52] , Eq. (13) . In Eq. (13) , the residual velocity of

he projectile V R is calculated as a function of the initial velocity V 0 ,

he ballistic limit velocity V bl and a fitting parameter 𝛼. 

 𝑅 = 

(
𝑉 0 
𝛼 − 𝑉 𝑏𝑙 

𝛼
)1∕ 𝛼

(13)

A comparison between the experimental and the numerical ballistic

urves is shown in Fig. 22 . A good agreement is observed for all

he four temperatures. With the increasing testing temperature from

 60°C to − 20°C, 20°C and 200°C, the predicted ballistic limit velocities

ecrease gradually from 108 m/s to 106 m/s, 100 m/s and 87 m/s. The

rediction errors of V bl for the four temperatures are respectively 4.9%,

.9%, 4.2% and 6.5%. In addition, the evolution tendency of V R with

 0 is also captured correctly by numerical simulations. Under all the

our temperatures, the V R - V 0 curves show a parabolic shape. Fitting

he numerical V R - V 0 curves into Eq. 16, the fitted values of parameter

for different temperatures are shown in Table 5 . It is seen that in

oth experiments and numerical simulations, values of 𝛼 increase with

ncreasing testing temperature, indicating a deteriorated ballistic im-

act resistance and a lower ballistic limit velocity at high temperatures.

herefore, the evolutions of V and 𝛼 are consistent with each other. 
bl 
For a complete validation of the extended RK model, the predicted

ailure mode is compared to the experimental ones, Fig. 23 . It is

een that petalling resulting from radial necking during the piercing

rocess is observed, the same as experiments. Plastic deformation is

nly observed in petals of the perforated specimens, especially on the

racture surface where the material experienced the largest deformation

ntil failure; plastic deformation in the other parts of the specimens

s pretty limited, with a maximum value of 1.1% for different testing

emperatures. 

The number of petals varies under different testing temperatures. A

omparison of the number of petals between experiments and numerical

esults is shown in Table 6 . During numerical simulations, the value

ecreases continuously from 6 at − 60°C to 4 at 200°C. In experiments,

 similar tendency is observed but the corresponding values are com-

aratively smaller. In any case, to have a better understanding of the



Fig. 23. Comparison of fracture pattern between experiments and numerical simulations: (a) − 60°C, (b) − 20°C, (c) 20°C and (d) 200°C. 

Table 6

Experimental and numerical number of petals as a function of testing tem- 

perature at V 0 = 110 m/s. 

Initial temperature ( °C) − 60 − 20 20 200

Number of petals in experiments 5 4 3 3

Number of petals in numerical simulations 6 5 4 4

f  

f

7

 

s  
ailure mode, a further study on the failure behavior of 304 ASS as a

unction of strain rate, temperature and stress state is necessary. 

. Conclusions and remarks

The thermo-viscoplastic behavior of 304 ASS has been systematically

tudied over a wide range of strain rates (10 − 3 s − 1 to 3270 s − 1 ) and
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emperatures ( − 163°C to 172°C). Dynamic tests at low/elevated tem-

eratures were conducted using the Hopkinson technique coupled with

pecifically designed cooling device/heating furnace, and reliability of

he technique was verified by thermal simulations. The deformation

ehavior of 304 ASS was analyzed in terms of strain hardening rate,

train rate sensitivity and temperature sensitivity. Based on experimen-

al results, an extension of the RK model considering SIMT effect was

sed to describe the constitutive behavior of 304 ASS. The correctness

f the extended RK model was further verified through numerical

imulations of ballistic impact tests at various testing temperatures.

everal noteworthy conclusions are drawn: 

1 With the developed cooling device/heating furnace, dynamic tests

at temperatures ranging from − 163°C to 172°C can be conducted

using the Hopkinson technique. According to the numerical results,

the temperature distribution within the compression specimen is

uniform with a maximum fluctuation of 1.2°C. 

2 The deformation behavior of 304 ASS is dominated by a compe-

tition between dislocation glide and martensitic transformation.

Both strain rate and temperature have significant effects on the two

mechanisms. Hence, the deformation behavior of 304 ASS, mainly

represented by the strain hardening rate, strain rate sensitivity and

temperature sensitivity, is different from metallic alloys commonly

deformed by dislocation slip. Several unexpected phenomena such

as the S-shaped stress-strain curves, the negative strain rate sensi-

tivity and the changing temperature sensitivity from quasi-static to

dynamic strain rates, are observed. 

3 From − 60°C to − 163°C and under dynamic strain rates, the tem-

perature sensitivity of 304 ASS was lower than that for the other

temperatures. According to the thermally activated dislocation

motion theory, this is mainly caused by the comparatively smaller

effective stress 𝜎∗ increase from − 60°C to − 163°C. 

4 The extended RK model was used to describe the constitutive

behavior of 304 ASS with an additional item linked to martensitic

transformation. The model predicted the flow stress curves of 304

ASS above − 60°C correctly with the several unexpected phenomena

being captured. The prediction errors for quasi-static and dynamic

tests were 7.6% and 4.9%, respectively. 

5 The utility of the extended RK model was further evaluated by

numerical simulations of ballistic impact tests at various tempera-

tures between − 60°C and 200°C. The numerical results in terms of

ballistic curves were compared to experiments: both the ballistic

limit velocities V bl and the ballistic curves V R - V 0 were predicted

accurately. In addition, the failure process was also captured:

both the failure pattern and the number of petals under different

temperatures were predicted correctly. 
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