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ABSTRACT: In this study, dynamic tensile experiments were performed at a wide range of loading speeds 
from 1 mm/s to 1000 mm/s to investigate the microstructural evolution under high rates and ractccte-dependent 
behavior of mechanical properties of SM490 structural steel. The evolution of microstructure under different 
loading speeds or strain rate levels was observed. At a loading speed of 1 mm/s, partially broken original ferrite 
grains under the applied tensile loading resulted in the formation of smaller ferrite grains and packets of 
dislocation debris. The debris could be observed to be located inside original ferrite grains, while pearlite grains 
tended to move closer together, becoming the thin layers of pearlite. At the highest loading speed, pearlite thin 
layers were fully developed leading to the formation of the layers of ferrites. The averaged grain size tended to 
decrease with the further increase of loading speed. Both yield stress (𝜎𝜎y) and tensile strength (𝜎𝜎u) displayed 
rate-dependent behavior, in which higher 𝜎𝜎y could be observed at higher loading speed levels. In contrast, the 
work hardening (𝑛𝑛) showed different behavior. 𝑛𝑛 exhibited a slight increase when the loading speed increased 
from 1 mm/s to 10 mm/s, and then gradually decreased with the increasing speed of loading. Another plastic 
property (𝛼𝛼) showed a decrease from 10.7 to 5.28 with increasing loading rate from 1 mm/s to 1000 mm/s. 
Finally, strain rate sensitivity values of 0.0428 from the 𝜎𝜎y  data and 0.0226 from the 𝜎𝜎u  data were well 
determined and reported for the tested material.   
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1. INTRODUCTION

Structural steels are widely used materials in 
civil and industrial building construction as well as 
in other structural applications [1] owing to their 
advantageous features such as excellent 
machinability and weldability [2,3]. The usage of 
structural steel has several advantages compared to 
reinforced concrete (RC). For example, structural 
steel has a high strength per unit of weight [4], 
meaning that the weight of structures will be smaller 
than those of RC structures [5]. This fact is of great 
importance for tall buildings, long-span bridges, 
and structures situated on poor foundations. 
Furthermore, ductility has been attributed to another 
important aspect of structural steel, by which it can 
withstand extensive deformation without failure 
under high tensile stresses [6]. Since structural steel 
is very durable, the structures made by structural 
steel can withstand external pressures such as 
thunderstorms, cyclones, and earthquakes [7,8]. 
Therefore, much attention has been paid to the 
characterization of the affecting factors on the 
mechanical properties of structural steels as well as 
in their weld joints [9–13]. 

Pham and Kim [14] characterized the 
mechanical properties of microstructural phases and 

materials within the weld zone of SM520 structural 
steel using the depth-sensing instrument (DSI) 
technique. The indentation responses indicated that 
two different stiffness ferrite types were observed in 
each region of the weld zone from the analysis of 
elastic modulus (𝐸𝐸) and hardness (𝐻𝐻) results. Both 
𝐻𝐻  and 𝜎𝜎y  of ferrite and pearlite phases increase 
from base metal (BM) to heat-affected zone (HAZ) 
due to the grain refinement and the change of grain 
morphology in the HAZ region during the welding 
process. Kim et al. [15] investigated the distribution 
of mechanical properties along the weld cross-
section of SS400 structural steel weld joint using 
finite element (FE) analysis and the DSI technique. 
The variation of mechanical properties in three 
regions of the weld zone was discovered, in which 
BM has lower values of mechanical properties (𝐸𝐸, 
𝐻𝐻, 𝜎𝜎𝑦𝑦 and work hardening 𝑛𝑛) than those of the weld 
metal (WM). Mechanical properties within the 
HAZ region gradually increase from the BM to WM 
regions. The formation of the microstructure in the 
weld zone was also observed and the higher amount 
of δ-ferrite and its abundant transformed phase 
boundaries may be responsible for the higher 
mechanical property values in the WM when 
compared to those in the BM, while the smaller and 
more regular sizes of ferrite grains in the HAZ may 
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be mainly responsible for the higher mechanical 
property values in the HAZ when compared to those 
in the BM. Kato et al. [16] standardized the 
mathematical expression for stress-strain relations 
of structural steel under monotonic and uniaxial 
tension loading, while the behavior and design of 
structural steel pins have been studied by Bridge et 
al. [17]. Kim et al. [18] studied the influences of the 
poly crystal boron nitride tool in friction stir weld 
steels, evaluated using the secondary ion mass 
spectroscopy technique. Recently, high-
temperature strength and microstructural evolution 
in the weld coarse‑grained HAZ of Fire‑Resistant 
Steels was conducted by Moon et al. [19]. The study 
showed that the fire-resistance properties 
deteriorated in the HAZs compared to the BM steels 
since the yield stress of HAZ was demonstrated to 
be higher than those of BM steels at room and high 
temperatures [19].   

The plastic flow behaviors and the 
corresponding deformation mechanisms are highly 
dependent on the loading rate (or strain rate) for 
both metals and alloys [8,20–22]. Khalifeh et al. [8] 
investigated the tensile mechanical properties of 
structural steels at a range of strain rate from 
0.001 𝑠𝑠−1  to 0.1 𝑠𝑠−1 , and the influences of strain 
rate on several types of structural steels, for 
example, St37 and St53, were well characterized. 
Since the structures made from structural steel have 
a great ability to resist earthquakes due to their 
energy dissipation capacity and ductility, dynamic 
mechanical properties under high loading rates are 
very important for the structural integrity of steel 
structures [23]. Therefore, the dynamic behavior of 
structural steel needs to study more. In this study, 
the dynamic tensile loading experiments were used 
to investigate the evolution of microstructure under 
high loading speeds as well as the rate-dependent 
behavior of SM490 structural steel. For this purpose, 
dynamic tensile experiments were performed at a 
wide loading speed range from 1 mm/s to 1000 
mm/s using the high-speed 250 kN actuator. 
Additionally, the evolution of microstructure under 
different loading rate conditions was also observed 
using an optical microscope examination. The 
dependences of 𝐸𝐸, 𝜎𝜎𝑦𝑦, 𝜎𝜎u, 𝑛𝑛, and a plastic property 
𝛼𝛼 were also characterized.  

  
2. RESEARCH SIGNIFICANCE 

 
The significance of the study is to have a better 

understanding of the dynamic behavior of low-
carbon steel at high strain rate levels. The 
microstructural evolution under high loading rates 
was observed and analyzed. In addition, dynamic 
properties of tested material as well as the strain rate 
sensitivity behavior was investigated giving the 
significant information in practical designs and 
engineering analysis. 

3. EXPERIMENTAL PROCEDURES 
 

The investigated material in this study is SM490 
structural steel that has been attributed to rolled 
steel for welded structures, fabricated followed by a 
Japanese standard (JIS G 3106) [24]. This structural 
steel has the chemical compositions as C0.16%, Si 
0.4%, P0.01%, S0.003%, Mn1.45%, and Fe 
balanced [7]. The tensile specimens were cut out 
from the steel plates with a thickness of 12.5 mm 
for high strain rate tensile experiments. It can be 
seen in Fig. 1, these specimens have 50 mm length 
gauge and 12.5 mm thickness.  

 

 

 
 
Fig. 1 Shape and dimension in mm of sample for 
high-speed tensile experiments 

 
Three high-strength bolts were employed to grip 

the specimen for both upper and lower grips to 
reduce the influences of high loading speed. 250 kN 
actuator was selected to perform all tensile 
experiments in this study and a servo-hydraulic 
system was also used to generate a maximum 
actuator speed of 1000 mm/s, as illustrated in Fig. 2. 
The testing temperature was 296 K. The accuracy 
of the testing system was verified by comparing the 
yield stress obtained from the present testing system 
with those measured from the traditional tensile 
loading experiment, and the relative error of 
estimated yield stress must be less than 5%.  

 

 
 
Fig. 2 Setup of dynamic tensile experiments 

 
Dynamic tensile experiments were then carried 

out at several loading speeds, for example, 1 mm/s, 
10 mm/s, 100 mm/s, 500 mm/s, and 1000 mm/s. To 
improve the accuracy of measurements at high 
loading rates, the strain gauge with a type of FLA-
5-11-1L was employed and installed at the middle 
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region of the length gauge. At least three tensile 
experiments were conducted for a loading speed 
level. To reveal the microstructure of the failure 
samples after high-speed tensile tests, the optical 
microscope (OM) examination was conducted. The 
OM specimens were cut out from the failure 
specimens (see Figs. 3a and 3b) and then put into 
the epoxy circle mold with a size of 25 mm diameter. 
These samples were then polished using several 
poly diamond papers to obtain the flat surface. It 
should be noted that the above procedure must 
ensure seven stages of increasing fineness, in which 
the last stage is 40 nm. To reveal the microstructure, 
the flat surfaces of these OM samples were etched 
using an acid solution of HNO3 in 30 seconds. 

 
 

 
 
Fig. 3 Specimens for SEM examination: a) failure 
specimens form high-speed tensile tests, b) 
mounted and polished specimens for SEM 
 

 

4. RESULTS AND DISCUSSION 
 

4.1 Microstructure evolution under high loading 
rates 

In this section, the evolution of microstructure 
under loading rate conditions was observed using 
the optical microscope examination. The 
microstructure of the virgin specimen has been 
presented elsewhere [25]; however, an observation 
was still conducted for comparison purposes. 

 
 
Fig. 4 Microstructure of the virgin specimen 
including ferrite/pearlite structures 

 It can be seen from Fig. 4 that SM490 structural 
steel is composed of ferrite and a small region of 
pearlite. Ferrite has many different shapes and sizes. 

To observe the variation of ferrite grain size, the 
histograms showing the statistic of grain size 
distribution were prepared as illustrated in Fig. 6a. 
The grain size of ferrite varies from 5.7 μm to 47.4 
μm, in which the main grains have a size from 9.1 
μm to 19.6 μm, leading to the average grain size of 
16.12±8.15 μm. Occasionally, there are larger 
grains with an unusual size from 33.5 μm to 47.4 
μm; however, they appear less frequently than 
smaller grains. In contrast, pearlites, dark-colored 
grains, are often located at the corner of ferrite 
grains or the grain boundary edges as seen in Fig. 4. 
The pearlite grains also have many types of shapes, 
such as the thin layer of pearlite, the rectangular 
pearlite, the circle pearlite, and so on. 

 

 

 

 

 
 
Fig. 5 Microstructure changes under high-speed 
conditions: a) microstructure at a strain rate of 0.02 
s−1, b) microstructure at a strain rate of 0.2 s−1, c) 
microstructure at a strain rate of 1 s−1 , and d) 
microstructure at a strain rate of 20 s−1 
 

At a low loading rate of 1 mm/s, the original 
ferrite grains are partially broken, leading to the 
formation of smaller ferrite grains and the packets 
of dislocation debris as observed in Figs. 5a and 6b. 
The debris is mostly located inside original ferrite 
grains, while pearlite grains tend to move closer 
together, becoming the thin pearlite layers. These 
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thin layers separate the ferrite grains and the packets 
of dislocation debris. The size of pearlite grain is 
observed to be relatively larger than those in the 
virgin sample. Under tensile loading, the ferrite 
grains tend to transform into the thin layers 
interspersed with the pearlite layers. The dislocation 
lines appear inside the ferrite grains. At a higher 
loading rate, the original grains are almost broken, 
and the debris is observed to appear more frequently. 
Due to the higher loading rate, the thin layers of 
pearlite were formed, leading to the smaller ferrite 
grains as seen in Fig. 6.  

 

 
 
Fig. 6 Histograms showing the statistic of the grain 
size distribution: a) virgin sample, b) failure sample 
at 0.02 s−1, and c) failure sample at 20 s−1 

 
The dislocation lines appear more frequently 

and are arranged within the interior grains. At the 

highest loading speed (1000 mm/s), the pearlite thin 
layers are fully developed leading to the formation 
of the layers of ferrites. The packets of dislocation 
debris are formed more frequently than the 
observation at other strain rate levels as illustrated 
in Fig. 5. It can be seen from the histograms of the 
grain size distributions in Fig. 6 that the size of 
major grains tends to decrease when the loading rate 
increase from 1 mm/s to 1000 mm/s. Indeed, it can 
be seen from Figs. 6a, 6b, and 6c that the mean 
value of grain size measured on the virgin sample 
(16.12±8.25 μm) is higher than those obtained for 
failure samples at the loading rate of 1 mm/s 
(13.75±7.23 μm) and the loading rate of 1000 mm/s 
(9.97±7.50 μm). That means the grain size at a 
lower loading rate level might be relatively higher 
than those at a higher loading rate. 
 
4.2 Dynamic properties of SM490 structural 
steel 

Nominal engineering stress-engineering strain 
curves of SM490 steel obtained from high-speed 
tensile experiments were shown in Fig. 7. As seen, 
the results of high-speed tensile experiments (i.e. at 
100 mm/s, 500 mm/s, and 1000 mm/s) show the 
oscillation of load signal due to ringing of the 
loading system; however, the productivity parts are 
still good. The results exhibit that the loading speed 
influences not only on the shape but also on the 
magnitude of the engineering stress - strain curves. 
However, the elastic modulus seems to be 
independent of the strain rate level as seen in Fig. 7.  

 

 
 
Fig. 7 Engineering stress-engineering strain curves 
at loading speeds 
 

Indeed, the variation of 𝐸𝐸 under a high loading 
rate is so slight and close to an averaged value of 
211.03 GP, as shown in Fig. 8a, indicating that 𝐸𝐸 
seems to be independent of the variation of loading 
speed [26]. In contrast, the influences of loading 
rate on the plastic plateau are quite clear. As seen in 
Fig. 7, the presence of the plastic plateau stage at a 
low loading rate can be easily observed; however, it 
becomes less pronounced when the loading rate 
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increases.  
 

 

 

 

 
 
Fig. 8 Rate-dependent behavior of (a) elastic 
modulus, (b) yield stress, (c) work hardening, and 
(d) plastic properties 𝛼𝛼 
 

Fig. 8b shows the rate-dependent behavior of 𝜎𝜎y. 

It should be noted that the 𝜎𝜎y values were calculated 
using the 0.2% offset method [27]. The 𝜎𝜎y tends to 
increase with the further increase of the loading 
speeds. Indeed, 𝜎𝜎y  shows a rapid increase from 
381.56 MPa to 496.15 MPa when lthe oading speed 
increases from 1 mm/s to 500 mm/s and slightly 
increases when the loading speed is greater than 500 
mm/s. The rate-dependent behavior of 𝑛𝑛  is quite 
different as illustrated in Fig. 8c. As seen, 𝑛𝑛 
increases with increasing loading rate from 1 mm/s 
to 100 mm/s and then decreases gradually when the 
loading rate is greater than 100 mm/s. The 
remaining plastic property(𝛼𝛼) exhibits an inverse 
behavior compared to 𝜎𝜎y , in which 𝛼𝛼  shows a 
gradual decrease from 10.70 to 5.28 with an 
increasing loading rate from 1 mm/s to 1000 mm/s. 
Another interesting feature from Fig. 8 is that a 
power-law function, 𝜎𝜎𝑦𝑦 = 442.15𝜀𝜀̇0.0428 , can be 
used to predict the values of 𝜎𝜎y at a strain rate or a 
loading rate level. It is worth noting that strain rate 
(𝜀𝜀̇) could be easily determined based on the loading 
rate (𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 ) as 𝜀𝜀̇ = 𝑑𝑑𝑑𝑑/𝐿𝐿0𝑑𝑑𝑑𝑑 , whereas 𝐿𝐿0  is the 
original length. The results from the present study 
are totally consistent with the general trend reported 
in the literature [23,28–33].  

 

 

 
 
Fig. 9 Estimation of strain rate sensitivity of SM490 
structural steel: a) yield stress data and b) tensile 
strength data 

The results of 𝜎𝜎y  and 𝜎𝜎u  can be used to 
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determine the values of strain rate sensitivity (SRS) 
using the following equation [23]: 

 
SRSyield stress = �𝜕𝜕ln (𝜎𝜎y)

𝜕𝜕ln (𝜀̇𝜀)
�
𝑇𝑇
,  (1) 

 
SRStensile strength = �𝜕𝜕ln (𝜎𝜎u)

𝜕𝜕ln (𝜀̇𝜀)
�
𝑇𝑇
.  (2) 

 
In Eqs. (1) and (2), a notation 𝑇𝑇  is the 

temperature. Since all experiments in this study 
were performed at room temperature, mechanical 
properties depend only on the loading rate or strain 
rate. Regression analysis was then conducted to 
estimate SRS values for both 𝜎𝜎y  and 𝜎𝜎u  data as 
presented in Figs. 9a and 9b, respectively. As a 
result, the SRS value of 0.0428 from the 𝜎𝜎y  data 
was well obtained, while the 𝜎𝜎u  data provided an 
SRS value  of 0.0226. The positive values of SRS 
for both 𝜎𝜎y  and 𝜎𝜎u  are caused by the following 
aspects. First, higher flow stress is measured at 
higher loading rate/higher strain rate levels since the 
higher strain rate may decelerate the dislocation 
annihilation [26]. Second, a higher loading rate or 
higher strain rate might increase the obstructions (or 
barriers) of the dislocation motions for the thermal 
and mechanically activated plastic deformation [34]. 
Indeed, as previously mentioned, the ferrite grains 
were forced to be broken when the applied loading 
speed increased (see Fig. 5), resulting in the 
formation of smaller ferrite grains and packets of 
dislocation debris. As shown in Fig. 5 and Fig. 6, 
the grain size was observed to decrease with the 
further increase of strain rate. Furthermore, 
Wellman [35] demonstrated that smaller grains 
have greater ratios of surface area to volume, which 
means a greater ratio of grain boundary to 
dislocations. That means the decrease of grain size 
absolutely increases the grain boundary as well as 
the barriers of the dislocation motion since the grain 
boundary is a major factor to impede the dislocation 
movements from grain to grain [36–38].  

Another interesting feature in Figs. 9 and 10 is 
that the SRS value from the 𝜎𝜎y  data is relatively 
higher than those calculated based on the 𝜎𝜎u data. 
Luecke et al. [23] performed the traditional tensile 
loading experiments on several types of steels to 
achieve the 𝜎𝜎y and 𝜎𝜎u data, which are necessary to 
determine the values of SRS. The results of their 
research indicated that the SRS values from the 𝜎𝜎y 
data are relatively higher than those calculated from 
the 𝜎𝜎u data. That means the present SRS values are 
in good agreement with the general trend reported 
in the literature [23,28,30–32,39]. By collecting the 
SRS data of many types of structural steels, both 𝜎𝜎y 
- SRS and 𝜎𝜎u - SRS relationships were constructed 

as shown in Fig. 10. 
 

 

 
Fig. 10 Comparison of SRSs of the present study to 
values for several structural steels in the literature: 
a) yield stress data and b) tensile strength data 
 

As seen in Fig. 10, the present SRS values from 
both 𝜎𝜎y and 𝜎𝜎u data are totally consistent with the 
general trend reported for several types of structural 
steels in the literature. Furthermore, the SRS from 
𝜎𝜎y and 𝜎𝜎u data are attributed to be a function of a 
specified minimum yield stress [23]. The SRS 
values from the 𝜎𝜎y  data show a progressive 
decrease with the further increase of specified 
minimum yield stress (see in Fig. 10a). It is quite 
different from the case of the SRSs from the 𝜎𝜎u data. 
The SRS results show a slight decrease when the 
specified minimum yield stress increases from 100 
MPa to 800 MPa as observed in Fig. 10b. It should 
be noted that the specified minimum yield stress is 
defined as the values obtained at a quasi-static strain 
rate (0.0001 s−1 ). Although the collected SRS 
values of several structural steels were measured 
from different types of experiments, for example, 
torsion, tension, and compression experiments; 
however, the main purpose of the comparisons in 
Figs. 10a and 10b are to compare the present SRS 
values with the general trend reported for structural 
steels in the literature. Thus, the comparisons in Fig. 
10 are acceptable. 
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5. CONCLUSIONS 
 

In this study, dynamic tensile experiments were 
performed using the high-speed 250 kN actuator for 
a wide range of loading speeds to characterize the 
SRS behavior of mechanical properties of SM490 
structural steel. The experimental data and the FE 
analysis results support the following conclusions. 
• The grain size tended to decrease when the 

loading rate increased from 1 mm/s to 1000 
mm/s. 

• Elastic modulus can be observed to be 
independent of the variation of loading rates. 

• Both yield stress and tensile strength displayed 
the rate-dependent behavior, in which higher 
yield stress could be observed at higher loading 
rate levels.  

• Work hardening exhibited a slight increase 
when the loading rate increased from 1 mm/s to 
10 mm/s, and then gradually decreased with the 
further increase of loading rate level up to 1000 
mm/s, while 𝛼𝛼  showed almost decrease from 
10.7 to 5.28 when the loading rate increased.  

• SRS value of 0.0428 obtained from yield stress 
data and 0.0226 from tensile strength data were 
well reported for the investigated material.  
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