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A B S T R A C T   

This paper presents an experimental investigation on the dynamic mechanical performance of S30408 austenitic 
stainless steel (ASS) under elevated temperatures, which is essential for determining the behaviour of structures 
made with this type of steel subjected to the coupled fire and impact/explosion. For this purpose, the quasi-static 
and dynamic compression tests using Split Hopkinson Pressure Bar (SHPB) were conducted under temperatures 
of 20–600 ◦C and strain rates from 0.001 to 3000 s− 1. In addition, the corresponding microstructures of tested 
samples were observed. The stress–strain responses, strain rate and temperature effects as well as the micro
structural evolutions were analyzed. Test results show that the stress–strain responses are sensitive to the strain 
rate and temperature. The strain-rate sensitivity coefficient increases as the strain rate and temperature rise. The 
microstructural observation reveals that the grain dimension declines with an increment of strain rate or a 
decreasing temperature. Finally, the dynamic compressive stress–strain models for S30408 ASS under 20–600 ◦C 
were suggested on the basis of the Johnson-Cook (J-C) model and have been proved to give a reasonable 
prediction.   

1. Introduction 

In the last decades, 304 austenitic stainless steel (ASS) has been 
increasingly used in engineering structures [1–6]. It has several ad
vantages compared to carbon steel, such as high corrosion resistance and 
durability, maintenance, improved fire and impact/blast resistance, etc. 
Due to these benefits, it is expected to be widely employed in the modern 
construction field, especially considering the life-cycle cost. Several 
design codes have been developed to regulate the use of the stainless 
steel in civil engineering, such as CECS 410:2015 [7] and EN 1993–1-4 
[8]. Until now, the material and structural behaviours of 304 ASS sub
jected to the single static, dynamic, cyclic and fire conditions are rela
tively well understood [1–6,9–20]. In addition to the loading conditions 
mentioned above, the structures may suffer combined fire and impact/ 
explosion action during the lifetime [21,22], such as 9.11 terrorist attack 
and Qingdao pipeline leak explosion. The fire may easily results in an 
explosion or progressive collapse, as presented in Fig. 1. Under such 
condition, the temperature effect on the behaviours of structural mate
rial should be considered when analyzing the dynamic responses of 
structures under impact loading. Therefore, it is essential to 

systematically investigate the mechanical performance and micro
structural characteristic of 304 ASS exposed to both high temperatures 
and strain rates in order to ensure the safety of 304 ASS structures 
subjected to such harsh environment. 

For 304 ASS, the quasi-static mechanical performance at elevated 
temperatures and the dynamic mechanical properties at ambient tem
perature have been extensively examined [9,10,16,18]. Results 
demonstrate that temperature causes a significant decrease in material 
strength, whereas the high strain rate induces a strengthening effect on 
the yield stress at ambient temperature. EN 1993–1-2 [23] suggests that 
the nominal yield stress declines by about 50% when the temperature 
reaches 600 ◦C. Compared to carbon steel, stainless steel presents better 
high-temperature performance. As for the effect of strain rate at ambient 
temperature, a pronounced increase in the nominal yield stress exists 
provided that the strain rates exceed 103 s− 1, owing to an enhanced rate 
of dislocation generation. Jia et al. [18] found that the dynamic yield 
strength of S30408 ASS under strain rate of 6212 s− 1 can reach up to 
approximate 3 times of that under quasi-static load. 

Current results indicate that the mechanical properties of stainless 
steel are temperature and strain rate sensitive. Given the coupled 
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temperature and dynamic loadings, the strengthening induced by the 
high strain rate and the thermal softening may complicate the stress–
strain responses. Though previous researches on the 304 ASS have 
covered material and structural levels, the information on the coupled 
influences of high strain rates and elevated temperatures is still limited. 
Lee et al. [24,25] investigated the compressive performance and 
microstructure change of 304L ASS considering the influences of strain 
rate, temperature and pre-strain. Test strain rates and temperatures were 
set in the range of 2000–6000 s− 1 and 300–800 ◦C, respectively. It is 
concluded that the strain-rate sensitivity increases with rising strain 
rates and the descending temperatures. The microstructural observation 
indicated that the change in the flow stress under combined high strain 
rates and temperatures is related to the quantity of martensite and the 
densities of both dislocation and twin. Cadoni and Forni [26] studied the 
influences of strain rate and temperature on the mechanical responses of 
cold-formed AISI 304 ASS bars. Experiments were conducted using a 
split-Hopkinson tension bar under temperatures up to 1000 ◦C and 3 
strain rates (250, 400 and 800 s− 1). They found that the yield stress 
decreases with the increasing temperatures and increases with an 
increment of the strain rate. Finally, the parameters of the Johnson-Cook 
(J-C) and Cowper-Symonds (C-S) models were determined. In 2020, 
Yang et al. [27] conducted SHPB tests to analyze the influences of strain 
rate and temperature on the compressive performance of ASTM A240/ 
A240M 304 stainless steel. Due to the increased carbon content, the 
quasi-static yield stress achieves 702 MPa at room temperature. Addi
tionally, the modified J-C model was suggested according to the test 
results. Table 1 summarizes the detailed information in literatures 
[24–27]. As mentioned previously, the existing researches are not suf
ficient to fully understand the performance of 304 ASS under combined 
high temperatures and high strain-rate conditions because of the 
different chemical compositions and test conditions. 

In this context, the quasi-static and dynamic compressive behaviours 
of a typical 304 ASS have been investigated under varying temperatures 
(from 20 to 600 ◦C) and strain rates (0.001, 1000, 2000 and 3000 s− 1). 
The universal compression machine and SHPB tester equipped with an 
electric furnace were employed for the quasi-static and dynamic tests 
under elevated temperatures, respectively. The stress–strain responses, 

strain rate and temperature effects and microstructural changes were 
obtained and analyzed. Finally, the dynamic stress–strain model 
considering both the temperature and strain rate is developed on the 
basis of the J-C model. The above results can be used for evaluation of 
the structural safety when subjected fire followed by an impact/ 
explosion. 

2. Experiments 

2.1. Material and sample preparation 

The material investigated in this work was S30408 ASS with the 
following chemical composition: C(0.02%), S(0.002%), P (0.033%), Si 
(0.46%), Mn(1.35%), Cr(18.15%), Ni(8.06%), corresponding to 304 in 
ASTM [28] and 1.4301 in EN 10088–1 [29]. All samples for mechanical 
characterization were obtained from the steel tube in the longitudinal 
direction using the wire-cut electrical discharge machine. In order to 
achieve good flatness and parallelism, the ends of SHPB samples were 
polished using a series of sand papers (grit dimensions: 400 to 2000 
mesh). The quasi-static tensile test was conducted at room temperature 
with a constant 0.001 s− 1 strain rate, according to ASTM E8/E8M-15a 
[30]. The engineering stress–strain relationships are depicted in Fig. 2. 
Due to the unobvious yield plateau, the yield stress was taken as the 
0.2% proof stress in accordance with GB/T 228.1–2010 [31]. The mean 
Young’s modulus, yield strength, ultimate tensile strength and elonga
tion are 191.4 GPa, 261.3 MPa, 611.2 MPa and 54%, respectively. Ac
cording to GB/T 34108–2017 [32], samples for quasi-static and dynamic 
compression tests under elevated temperatures are cylindrical in shape 
with dimensions of ∅ 5 mm × 5 mm and ∅ 8 mm × 4 mm, respectively. 
A diameter to height ratio of 2 is designed in the dynamic compression 
samples to decrease the influences of friction and inertia. 

2.2. Experimental setup and procedure 

2.2.1. Quasi-static compression under elevated temperatures 
A quasi-static compression test can serve as a basis for assessing the 

thermal and strain-rate effects. A total of 12 samples were tested in a 

Fig. 1. Schematic view of explosion or progressive collapse followed by a fire.  

Table 1 
Detail information in literatures [24–27].  

Sources Type Strain rate (s− 1) Temperature (oC) Content 

Lee et al. [24,25] Pre-strained 304L ASS bars 2000–4000, 4000–6000 300, 500, 800 Compressive stress–strain curves, microstructure 
Cadoni and Forni [26] AISI304 ASS bars in cold forming 250, 400, 800 200, 400, 600, 800, 1000 Tensile stress–strain curves, constitutive models 
Yan et al. [27] ASTM A240/A240M 304 ASS 1000, 3000, 5000 300, 500, 700 Compressive stress–strain curves, constitutive models  

Fig. 2. Stress–strain responses of S30408 ASS under quasi-static tensile.  

L. Li et al.                                                                                                                                                                                                                                        
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quasi-static compression regime using a 30 kN universal compression 
machine equipped with an electric furnace, as presented in Fig. 3. Two 
high-temperature resistance and high strength ceramic bars were 
installed to transfer the load from the testing machine to the sample. The 
thermocouple wire was wrapped around the sample to monitor the 
temperature. Samples were first heated to the target temperatures (200, 
400 and 600 ◦C) with the speed of 2 ◦C/min. Then, in order to ensure a 
homogenous temperature within the samples, the target temperatures 
were held for 5 min. Finally, the samples were compressed with the rate 
of 0.3 mm/min to failure in a steady-state condition. The corresponding 
load and deformation were automatically obtained. At least three tests 
were performed for each strain rate and temperature, and final results 
were the average value of three samples. 

2.2.2. Dynamic test under elevated temperatures 
It is known that the SHPB device is the most widely used to measure 

the dynamic mechanical properties of steel material. In this work, 36 
dynamic tests were performed using an SHPB tester accompanying an 
electric oven with a 1200 ◦C heating capacity. The equipment contains 
the air gun, strike, incident and transmitter bars, an energy-absorption 
apparatus and an oven. The photo and schematic view are shown in 
Fig. 4. The incident and transmitter bars, which are 1200 mm in length 
and 14 mm in diameter, are produced with 18Ni steel. The longitudinal 
wave speed and the Young’s modulus of 18Ni steel are 5092 m/s and 
210 GPa, respectively. At room temperature, the molybdenum disulfide 
was adopted between the contact surfaces of the sample and the bars to 
decrease the friction, and a copper pulse shaper was placed at the impact 
end of the incident bar to produce a stable wave [33]. A synchronically 
assembled furnace was designed to heat the sample while keeping the 

Fig. 3. Device for quasi-static compression at elevated temperatures.  

Fig. 4. Set-up for dynamic tests under elevated temperatures.  

L. Li et al.                                                                                                                                                                                                                                        
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SHPB bars away from it to avoid the influence of elevated temperatures 
on the bars. The thermocouple was attached to the sample to measure 
the sample’s temperature. 

The experiments were performed as follows: (1) Firstly, the samples 
were mounted with a thermocouple sleeve and heated at a speed of 2 ◦C/ 
min to the predetermined temperature followed by 5 min to achieve a 
uniform temperature distribution in the samples; (2) Secondly, the bars 
were brought into contact with the sample, and then the strike bar was 
fired. A similar method was also used in other high-temperature SHPB 
test [34]. The incident, transmitter and reflection strain waves (εI, εT and 
εR) were detected by the strain gauges. Based on the uniaxial elastic 
wave theory, the engineering strain (εeng), engineering stress (σeng) and 

strain rate ( ˙̂Iµ) can be calculated by Eqs. (1)-(3), respectively. 

εeng = −
2C0

L

∫t

0

εRdt (1)  

σeng = E0⋅
A0

As
⋅εT (2)  

ε̇ = −
2C0

L
⋅εR (3) 

in which C0 represents the velocity of the bar elastic wave, As and L 
denote the cross-sectional area and the gauge length of the sample, 
respectively; E0 and A0 represent the Young’s modulus and cross- 
sectional area of the bars. The true strain (εtrue) and true stress (σtrue) 
are evaluated as follows: 

εtrue = − ln(1 − εeng) (4)  

σtrue = σeng(1 − εeng) (5) 

The dynamic tests were conducted at temperatures of 20, 200, 400 
and 600 ◦C, respectively, and averaged strain rates of 1000, 2000 and 
3000 s− 1. Three samples were tested at each temperature and strain rate. 

2.2.3. Microstructure analysis 
The microstructures of the samples after both elevated temperature 

and impact loadings were examined using the optical microscope (Pri
motech, Zeiss). The samples were inlaid with a metallographic inlay 
machine and polished using sandpapers and polishing machine, and 
then etched with the aqua regia through repeated wiping. When the 
surface colour changes to brown, C2H5OH was immediately used to 
clean the samples for around 30 s. 

3. Results and analysis 

3.1. Stress–strain response 

As mentioned above, the dynamic stress–strain responses were 

calculated based on the strain pulses in the SHPB tests. The represen
tative incident, reflected and transmitted strain waves (εI, εR and εT) are 
given in Fig. 5(a). In order to verify the stress equilibrium, the time 
histories of εI + εR and εT are depicted in Fig. 5(b). As shown, the εI + εR 
is approximately equal to εT under dynamic loading, which indicates 
that the samples are at a stress equilibrium state and the test results are 
reliable. It is known that keeping the strain rate constant is difficult 
when subjected to the quick loading. In general, the strain rate became 
relatively stable after experiencing the rapid-rise and obvious fluctua
tion stages, and similar trends were also found in other SHPB tests 
[35,36]. Given the unstable strain rate over the whole period, the in
tegral averaging method suggested by Yang et al. [35] is employed to 
calculate the strain rate in this work. 

Fig. 6 presents the averaged true stress–strain responses of 3 repeated 
tests deformed under varying strain rates and temperatures. The aver
aged curves were determined by calculating the arithmetic mean of the 
stress values from 3 repeated tests, as suggested by Liu et al. [37]. It is 
observed that the stress–strain curves significantly depend on the strain 
rates and temperatures. The flow stresses rise with the increasing strain 
rates, but an increment of temperature results in a decreasing flow 
stress. In addition, the stress–strain responses present a strain hardening 
behaviour with the increasing strains, and the strain hardening rate dσ/ 
dε declines with an increment of temperature. For example, at a strain 
rate of 2000 s− 1, the values of dσ/dε are 1883, 1219, 966 and 850 MPa/ 
unit strain under temperatures of 20, 200, 400 and 600 ◦C, respectively. 
In the subsequent analysis, the influences of temperature and strain rate 
on the yield stresses will be examined. 

3.2. Influences of strain rate and temperature 

The variations of yield stresses along with the strain rate and tem
perature are presented in Fig. 7(a) and (b), respectively. Since the elastic 
part of the stress–strain response is fluctuating, the method for 
extracting the dynamic yield stress is different from that adopted in the 
quasi-static test. Thus, the method recommended by Yang et al. [35] and 
Sun and Packer [38] was employed to define the dynamic yield stress, as 
presented in Fig. 8. It can be seen in Fig. 7 that the yield stresses are 
sensitive to the strain rate and temperature. For a given strain rate, the 
yield stress declines when the temperature increases. However, it rises 
with an increment of strain rate when subjected to the same 
temperature. 

In order to quantify influences of strain rate and temperature on the 
dynamic compression response, the dynamic increase factor DIFdy,θ and 
temperature reduction coefficient kdy,θ of the yield stress subjected to 
varying strain rates and temperatures are presented in Fig. 9(a) and (b), 
respectively. The corresponding formulas are given as follows: 

DIFdy,θ = fdy,θ/fsy,θ (6)  

kdy,θ = fdy,θ/fdy,20◦C (7) 

Fig. 5. Raw strain waves.  

L. Li et al.                                                                                                                                                                                                                                        
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in which fdy,θ and fdy,20◦C are the dynamic yield stresses at elevated 
temperatures and ambient temperature, respectively; fsy,θ represent the 
quasi-static yield stress under elevated temperatures. 

The developments of DIFdy,θ with increasing strain rates under 20, 
200, 400 and 600 ◦C are depicted in Fig. 9(a). As presented, the DIFdy,θ 
values under high-strain rates are greater than 1.0. In general, the 
highest values appear at 200 ◦C. The increase rate of the yield stress from 
0.001 to 1000 s− 1 is higher than that in the range of 1000–2000 s− 1 and 
2000–3000 s− 1. For instance, under 400 ◦C exposure, the yield stresses 

at strain rates of 1000, 2000 and 3000 s− 1 increased by 99%, 136% and 
173%, respectively, compared to that under quasi-static strain rate. It 
indicates that the strengthening effect is pronounced under a high strain 
rate compared with the quasi-static condition. The evolution of DIFdy,θ 
in this work is also compared with literature results, as illustrated in 
Fig. 9(a). The DIFdy,θ values derived from the results of Lee and Lin [9] 
are close to those obtained in this work, while the results of Jia et al. [39] 
under temperatures of 172 ◦C are relatively low. The above results 
indicate that the yield stresses of S30408 ASS present an obvious strain- 

Fig. 6. True stress vs. strain responses.  
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rate effect. 
The reduction factors kdy,θ induced by the same temperature were 

higher under 2000 s− 1 and 3000 s− 1 than the rest, as presented in Fig. 9 
(b). There are 2 phases for the yield strength degradation. The yield 
strength degrades fastly during 20–200 ◦C and gradually decline be
tween 200 ◦C and 600 ◦C. When subjected to 200, 400 and 600 ◦C, the 
retained yield strengths under different strain rates are in the range of 
65–75%, 52–61% and 47–53% of the values at ambient temperatures, 
respectively. Fig. 9(b) also compares the reduction factor of austenitic 
stainless steel suggested by Fan et al. [16] and EN 1993–1-2 [23] under 
the quasi-static loading. These two models are found to give reasonable 
predictions of the residual dynamic yield stress under varying temper
atures, considering the variability in high-temperature tests. 

For each temperature, the influence of the strain rate on the 
compressive performance can be qualified via the strain-rate sensitivity 
coefficient β [18], defined as: 

β = (lnσ2 − lnσ1) / (lnε̇2 − lnε̇1) (8) 

in which σ1 and σ2 represent the true stresses at 0.05 strain corre

sponding to the strain rates ˙̂Iµ1 and ˙̂Iµ2, respectively. The greater value of 
β indicates more sensitivity to the strain rate. Fig. 10 presents the vari
ation of parameter β with the strain rate under different temperatures. 
The parameter β increases when the strain rate rises, ranging from 0.03 
to 0.4. As the strain rate exceeds 1000 s− 1, higher temperature induces 
the greater value of β, especially for 400 and 600 ◦C. 

3.3. Strain rate models 

Test results have indicated that the stress–strain responses of S30408 
ASS are related to the strain rate and the temperature. Therefore, a 
widely used temperature and rate dependence model, called the J-C 
model [40], is employed to predict the true stress–strain responses. This 
model is embedded in the finite element software by considering the 
influences of the strain hardening, strain rate strengthening and tem
perature softening, which can be written as follows: 

σ = (A + Bεn
p)(1 + cln(

ε̇
ε̇0
))(1 − T*m) (9) 

in which εp represents the true plastic strain; ˙̂Iµand ˙Îµ0are strain rate 
and quasi-static strain rate(=0.001 s− 1), respectively; T* represents the 
homologous temperature (=(T-Tr)/(Tm-Tr), T, Tr and Tm denote current 
temperature, ambient temperature and melting temperature, respec
tively); Parameters A, B and n denote the quasi-static stress–strain 
response at room temperature; Parameters c and m denote the strain-rate 
strengthening and thermal softening effects, respectively. Therefore, 
these 3 parts in each bracket are uncoupled in the model. 

Fig. 7. Variations of yield stresses with the strain rate and temperature.  

Fig. 8. Definition of dynamic yield stress.  

Fig. 9. Dynamic increase factors DIFdy,θ and temperature reduction coefficients kdy,θ.  
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It should be noted that during SHPB tests, a temperature increment 
occurs due to the plastic deformation, which is recognized as the adia
batic process. The temperature rise results in the thermal softening and 
becomes more obvious under higher strain rate. Thus, the adiabatic 
temperature increment ΔT is considered in J-C model, as calculated by 
Eq.(10): 

ΔT =
β

ρcp

∫

σ(ε)dε (10) 

in which β represents the Taylor-Quineey factor taken as 0.9 in this 
work according to [26], ρ denotes the density (7.9 g/cm3), cp is the heat 
capacity (500 J kg-1K− 1). 

By using Eq. (10), taking S30408 ASS under 3000 s− 1 and 200 ◦C as 
an example, the temperature increments achieve 51.5 ◦C at strain of 0.3. 
Therefore, the temperature rise caused by the adiabatic process should 
be incorporated in the model, especially at higher strain rate. 

The five parameters are determined by the test results fitting and 
their values are presented in Table 2, in which different values of c and m 
are given respectively corresponding to different strain rates and tem
peratures during 20–600 ◦C. Fig. 11 presents the comparison between 
the model and test curves. In general, the model shows a reasonable 
agreement with the test data. Some discrepancies between test and 
predicted results are mainly related to some factors, such as the micro
structural transformation, the adiabatic heat softening and the experi
mental error, etc [18,39,41]. 

3.4. Microstructural observation after elevated-temperature dynamic test 

After compression deformation, the microstructures were examined 
using the optical microscopy to analyze the relationship between the 
elevated-temperature dynamic properties and the residual microstruc
ture, as presented in Fig. 12. The photographs show that a higher tem
perature results in a pronounced increase in the grain sizes and a decline 
of the grain boundary area when exposed to the same strain rate. 

Fig. 10. Strain-rate sensitivity coefficient.  

Table 2 
Fitted J-C parameters.  

A(MPa) B(MPa) n c m 

1000 s-1 2000 s-1 3000 s-1 200◦C 400 oC 600 oC 

270 637 0.7587 0.0749 0.0921 0.1003 0.538 0.653 0.808  

Fig. 11. Comparison between the test results and J-C model.  
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Considering that the grain boundary hinders the plastic deformation and 
has higher strength than the inner grain, the smaller the grain boundary 
area is, the lower the strength and hardness are. Therefore, the inferior 
mechanical responses of S30408 ASS were obtained at higher temper
atures. In addition, as the strain rate increases, the average grain 
dimension decreases while the grain boundary gradually diffuses and 
become irregular. Therefore, the rise in the grain boundary area under a 
higher strain rate benefits the mechanical performance. In general, the 
grains maintain a well integrity structure, and the changes in the grain 
shape are unobvious under varying temperatures and strain rates, 
indicating a good performance of S30408 ASS under coupled fire and 
impact loadings. 

4. Conclusions 

This study investigated the quasi-static and dynamic compressive 
behaviours of S30408 austenitic stainless steel (ASS) under tempera
tures of 20, 200, 400 and 600 ◦C and strain rates ranged from 0.001 s− 1 

to 3000 s− 1. According to the test and analyses, the main conclusions are 
obtained:  

(1) The compressive responses of S30408 ASS are sensitive to the 
strain rate and temperature. The yield stress increases with an 
increment of the strain rate, but declines with increased tem
peratures. In addition, the rate of the strain hardening becomes 
weaker at higher temperatures.  

(2) As the strain rate rises from 0.001 s− 1 to 3000 s− 1, the elevated- 
temperature dynamic increase factors DIFdy,θ rises, with the 
maximum value of 2.86 under 200 ◦C and 3000 s− 1. The tem
perature reduction coefficients kdy,θ decreases significantly dur
ing 20–200 ◦C and the reduction slows down from 200 to 600 ◦C. 
S30408 ASS maintains 47–53% of its normal-temperature yield 
strengths under 600 ◦C. The strain-rate sensitivity coefficient is 
more pronounced under a higher strain rate and a higher 
temperature.  

(3) Based on the experimental results, the parameters for J-C 
constitutive model considering the adiabatic temperature incre
ment were determined under 20–600 ◦C. This model could be 
used to predict the residual performance of structures made with 
this type of steel under the coupled action of fire and impact/blast 
loadings.  

(4) Residual microstructure indicates that higher temperatures result 
in an obvious rise of the grain size, while the increase in the strain 
rate decreases the grain size. In general, the moderate grain 
deformation occurs under coupled high temperatures and strain 
rates within the parameter range in this work. 
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Fig. 12. Optical microstructures under different strain rates and temperatures.  
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