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Abstract

For the improvement or development of more crashworthy metallic materials, the e!ect of each chemical
composition on stress}strain behavior under dynamic tension should be understood phenomenologically.
Such knowledge is essential for alloy designers and engineers. Formerly, the present authors constructed
a high-velocity tensile loading machine of a horizontal slingshot type to obtain dynamic tensile stress}strain
relationships for structural materials, such as metallic alloys, plastics and composites at the strain rate of
1]103 s~1. This strain rate is of the same order of a car crash on the street. Using this apparatus and a usual
material testing machine, seven structural carbon steels of C content ranging 0.14}0.54 wt% were tested at
four strain rates of 1]10~3, 1]10~2, 1]10~1 and 1]103 s~1. From the stress}strain curves obtained, the
e!ect of the strain rate and C content on mechanical properties for the steels were evaluated. Especially, even
at the high strain rate, the yield stress and ultimate strength of the steels could be predicted by an empirical
equation for quasi-static tensile tests in consideration of C and Mn contents. ( 2000 Elsevier Science Ltd.
All rights reserved.
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1. Introduction

Crashworthiness of tra$c vehicles is essential to save occupants' lives in an accident. The process
of crashing energy absorption must be evaluated correctly and properly re#ected in structural
design. Mechanical characterization for structural materials in dynamic uniaxial tensile loading
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condition is one of the most practical themes to be investigated thoroughly. Manjoine and Nadai
[1] carried out a systematic work on high-velocity tensile tests for copper at temperatures ranging
from room temperature to 10003C. This is one of the pioneering works in the development of
dynamic tensile test method. Duwez and Clark [2] constructed a high-velocity tensile loading
machine of a rotating wheel type and con"rmed the accuracy of their load cell which was referred
as a dynamometer with plastic wave propagation theory. Clark and Duwez [3] constructed
another hydraulic tensile testing machine. The strain rate dependence of the proportional limit
and ultimate strength of eight steels were reported at the strain rate range of 40}200 s~1. On the
other hand, dynamic compressive testing technique was also developed independently. Taylor
developed the well-known Taylor impact test [4] and Whi$n executed the tests for many steels
[5]. The experimental results showed that there was a linear relationship between the logarithmic
quasi-static yield stress and the ratio of the dynamic yield stress to quasi-static one. This test
method has been further revised to obtain more information from this simple technique [6].
Kolsky established the split Hopkinson pressure bar (SHPB) method to obtain dynamic compres-
sive stress}strain curves [7]. The SHPB method was rearranged to realize the dynamic tensile
loading by Harding et al. [8], Lindholm and Yeakly [9] and Nicholas [10]. Holzer summarized the
history of the dynamic material testing up to 1978 [11].

From the viewpoint of constitutive equations of a wide strain rate range, Malvern proposed
a constitutive equation of the well-known Malvern type for a hardened aluminum alloy, introduc-
ing the over stress [12]. Seeger proposed a constitutive equation of the thermal activation type
[13]. Tanaka and Nojima carried out constant strain rate tests and incremental strain rate change
tests and derived a constitutive equation of the Seeger type for a low carbon steel and a structural
steel [14]. In order to represent the yield phenomenon, Johnston and Gilman [15] and Gillis and
Gilman [16,17] constructed constitutive equations of the Johnston}Gilman type, introducing
micromechanical variables for LiF crystal. This type of the constitutive equation was applied to
steel by Hahn [18]. Kuriyama and Kawata re"ned the equation for mild steel, introducing plastic
#ow functions [19]. The above-mentioned constitutive equations are further re"ned by many
investigators. However, in order to introduce the dynamic tensile/compressive stress}strain rela-
tionships to computer codes, there are two ways. In most cases an empirical equation like the
Cowper}Symonds equation is introduced [20] and in a few cases a suitable constitutive equation
based on the preliminary experiments of the interested materials is introduced. This paper
contributes to the former case.

So far, many metallic materials have been investigated under high-velocity tension, compression,
torsion and shear. The investigated materials seemed to tend to pure metals and specially focused
alloys from the viewpoint of physics and metallurgy. On the other hand, the demand from
mechanical engineers and structural designers have been focused on the dynamic behavior of more
practical alloys, for example, carbon steels, stainless steels, strengthened aluminum alloys, etc. For
the improvement or development of more crashworthy materials and structures, the e!ect of each
chemical composition on not only Charpy or Izod impact values but also dynamic stress}strain
behavior should be recognized. The present authors formerly investigated that C content
(0.033}0.21 wt%) e!ect on dynamic tensile behavior at the strain rate of 1]103 s~1 for carbon
steels and Ni content (8.97}13.54 wt%) e!ect on austenitic stainless steels [21]. For the latter case,
Ni content had the opposite e!ects between quasi-static and dynamic strain rates on strength,
elongation and absorbed energy. Such knowledge is essential for alloy designers.
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In this paper, with the dynamic tensile testing machine of a slingshot type and the usual material
testing machine, seven structural carbon steels of higher C content range (0.14}0.54 wt%) were
tested at four strain rates (e5"1]10~3, 1]10~2, 1]10~1 and 1]103 s~1). From the stress}strain
curves, the e!ects of strain rate and C content on strength, elongation and absorbed energy were
evaluated. For the variation of the strength with increasing strain rate, not only the C content but
also the Mn content should be introduced to predict the strength of the steels consisting of ferritic
and pearlitic phases.

2. Experimental

The demand from the "elds of plastic working and forging are recently focused on the
constitutive relation at e5"100}102 s~1, because information on this range is not satisfactory. The
lack of data is caused by poorly established load acquisition system at this strain rate range. Some
load transducers without #uctuations on load}time curves have been proposed. For example,
Chuman et al. [22] tried to measure the load of the wide strain-rate range with a sensing block.
Unfortunately, the medium strain rate range was not treated in this paper. The present authors are
keenly interested in improving the safety of automotive body structure. The maximum strain rate
during the frontal crash test is of the order of 103 s~1. Thus, the dynamic strain rate was limited to
only 1]103 s~1. For the more precise structural design of the body, the behavior of the medium-
strain-rate range is of course very important.

The high-velocity tensile testing machine of a slingshot type adopted the one bar method [23]
as a dynamic testing technique. The principle of the one bar method is shown in Fig. 1. It consists
of three elements, an impact block as a rigid body, a specimen and an output bar as an
elastic bar. Deriving from one-dimensional elastic wave propagation theory and Hooke's law,
the fundamental formulae for dynamic stress p

/
(t), strain e

/
(t) and strain rate e5

/
(t) in nominal are

as follows:
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where t is the time after impact. l and S are the initial length and cross-sectional area of the
specimen, and S

0
, E

0
and c are the cross-sectional area, Young's modulus and longitudinal elastic

wave velocity of the output bar. <(t) and e
'
(t) are the velocity of the impact block and the strain of

the output bar at the distance a from the loaded end of the bar. In case of dynamic axial
compressive tests, Dharan and Hauser [24] derived the same formulae in 1970. Since their
projectile was almost rigid and a very small specimen used, the second term in the above Eqs. (2)
and (3) was not necessary for their experiments.
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Fig. 1. Principle of the one bar method.

Fig. 2. Schematic drawing of high velocity loading machine of a slingshot type (top view).

The above nominal stress and strain were converted to true representation by the following
formulae:

p(t)"(1#e
/
(t))p

/
(t), (4)

e(t)"ln(1#e
/
(t)). (5)

The true strain rate was obtained by the following di!erence equation:

e5 (t)"
e(t#*t)!e(t)

*t
, (6)

where *t is the time interval of the measurement, 1 ls in the present experiments.
Fig. 2 is a schematic drawing (top view) of the high-velocity loading machine of a slingshot type.

Powerful rubber ropes connected to a hammer were wound up with a worm gear by hand. The
winding generated the elastic force beyond 10 kN in the rubber ropes so that the hammer made of
carbon steel, 50 kg in mass, could be accelerated to the velocity of 6}7 m/s. After the winding, the
pinned hammer was released by pulling out a pin with a lever. The accelerated hammer impinged
on the impact block was made of chromium molybdenum steel. Such a slingshot-driven dynamic
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Fig. 3. Block diagram of dynamic data acquisition system for tensile stress}strain relation.

loading system was reported, probably for the "rst time, by Clark and Duwez [3]. The impact
block of 0.66 kg in mass and 60 (=)]70 (¸)]20 (H) mm in size, #ew at the higher velocity,
typically 9}11 m/s, than that of the hammer. Therefore, the maximum nominal strain rate attained
1]103 s~1 with the specimen of the initial gage length of 8 mm.

Fig. 3 shows a block diagram of the dynamic data acquisition system. In order to detect the
dynamic strain-time trace e

'
(t), four semiconductor strain gages (Kyowa KSP-2-120-E3, gage

length: 2 mm, gage factor: 120) were cemented onto the output bar made of type 304 stainless steel,
at the location of 50 mm apart from the specimen-mounted end. The output bar was 3 m in full
length and 10 mm in diameter. The signal was stored in a digital memory (Kawasaki Electronica
TMR-100, sampling frequency: 1 MHz, resolution: 10 bits, memory length: 4 kwords). Based on the
e!ective length (2.89 m), density (7910 kg/m3 [25]) and Young's modulus (196 GPa [25]) of the
output bar, 1160 ls was con"rmed as the e!ective duration for measurement. The displacement of
the impact block was detected simultaneously with an electro-optical displacement transducer
(Zimmer Model 100D/II, gage length of an installed lens: 10 mm). This signal was di!erentiated
with respect to time to obtain the velocity of the impact block <(t), and was stored in another
digital memory synchronized with the one for the strain gage signal. Consequently, a stress}strain
curve up to fracture was drawn by an x!y plotter via data reduction process in a personal
computer. Fig. 4 shows typical traces of e

'
(t),<(t) and (nominal and true) strain rates calculated by

Eqs. (3) and (6). The specimen was one of the investigated steel S15C. The strain rates had
a relatively longer rise time, 50}80 ls, and some perturbation was observed. After a peak value, the
strain rates decreased by 300}400 s~1 at fracture. As a representative of true strain-rate value, the
peak values were quoted for the whole curves. However, for upper and lower yield stresses and
tensile strength, the strain rates at the instants were adopted, respectively.

Quasi-static tensile tests at three strain rates 1]10~3, 1]10~2 and 1]10~1 s~1 were conducted
with the screw-driven universal material testing machine (Shimadzu AG-10TA, capacity: 98.1 kN).
Load was detected by an installed load cell and elongation by two clip gages (Tokyo Sokki
Kenkyujo UB-10SL, allowable displacement: 10 mm) with a set of specially designed jigs. Strictly
speaking, 1]10~1 s~1 is not suitable to refer as quasi-static. The present authors distinguished
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Fig. 4. Typical strain rate-time trace obtained by the one-bar-method apparatus.

these strain rates from the viewpoint of the measuring systems, for convenience, since
e5"1]10~1 s~1 could be dealt with the quasi-static system.

3. Specimen

From JIS G 4051-1979 (Carbon Steels for Machine Structural Use), S15C, S20C, S25C, S35C,
S45C and S55C carbon steels were selected for this series of experiments. Symbols for these steels
consist of two digits sandwiched between capitals S and C. The two digits indicate a typical
C content in a hundred times of the content in wt%. Table 1 tabulates chemical compositions of the
steels. The C content of S30C and S35C steels was the same incidentally. However, it was within the
allowable range. The steels were supplied as hot drawn cylindrical bars of 13}19 mm in diameter.
No heat treatment was done by us. Microstructures of ferrite and pearlite were con"rmed by an
optical microscope. Average grain diameters were 20}30 lm.

Fig. 5 represents dimensions of the specimen. The initial gage length was 8 mm including round
"llets, and diameter 3 mm. Both ends were screw threads for mounting between the impact block
and the output bar. These screw threads gave no serious e!ect on the strain gage signal e

'
(t). Even

after machining, no heat treatment was carried out, in order to maintain commercially available
conditions. For the evaluation of the a!ected zone by the machining, micro-Vickers hardness tests
(50 g force was loaded for 30 s) in ferritic grains were executed across the cross-section in the gage
length for the softest steel, S15C steel. Fig. 6 indicates that the thickness of the hardened layer by
turning was approximately 30 lm. The ratio of the hardened area to the whole cross-section was
only 4%. It was negligibly small.
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Table 1
Chemical compositions for seven carbon steels

Material C Si Mn P S Cu Ni Cr Al H O N Fe

S15C 0.14 0.21 0.39 0.008 0.019 0.13 0.05 0.04 0.007 0.0001 0.0022 0.0082 Bal.
S20C 0.19 0.20 0.41 0.012 0.017 0.12 0.08 0.04 0.010 0.0001 0.0020 0.0077 Bal.
S25C 0.22 0.24 0.40 0.006 0.016 0.10 0.06 0.03 0.013 0.0001 0.0015 0.0068 Bal.
S30C 0.33 0.23 0.86 0.023 0.014 0.01 0.02 0.01 0.025 0.0001 0.0024 0.0054 Bal.
S35C 0.33 0.24 0.70 0.008 0.014 0.10 0.04 0.04 0.019 0.0001 0.0019 0.0078 Bal.
S45C 0.44 0.23 0.75 0.010 0.014 0.10 0.04 0.08 0.023 0.0001 0.0017 0.0070 Bal.
S55C 0.54 0.21 0.69 0.011 0.018 0.18 0.05 0.06 0.024 0.0001 0.0017 0.0066 Bal.

(Unit: wt%)

Fig. 5. Specimen dimensions (unit in mm). Fig. 6. Micro-Vickers hardness test results across the cross-
section in the gage length of S15C steel specimen (The left
end of the abscissa is the surface of the specimen.).

4. Results and discussion

Experimental replication was set as three for each experimental condition. The room temper-
ature was 22}253C at this series of experiments. Fig. 7 depicts typical tensile stress}strain curves for
seven carbon steels at two strain rates, (a) e5"1]10~3 s~1 and (b) 1]103 s~1. Since, under
dynamic tension, some of the stress}strain curves were very di$cult to recognize their complete
ruptures along the curves, the present authors decided to draw them up to zero stress. In case of the
quasi-static strain rate (Fig. 7(a)), yield phenomena were getting small, as C content increases.
Curves at the other quasi-static rates were essentially similar to this "gure. At dynamic strain rate
range (Fig. 7(b)), the yield phenomena were enlarged compared to the quasi-static strain rates.
Some of the dynamic upper yield points of lower C content steels were higher than the tensile
strengths. Klepaczko mentioned that a low alloy steel showed a very high-strain-rate sensitivity of
the upper yield stress in excess of the shearing strain rate of 103 s~1. On the other hand, the lower
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Fig. 7. Typical tensile stress}strain curves for seven carbon steels: (a) e5"1]10~3 s~1; (b) e5"1]103 s~1.

yield stress shows a much lower rate sensitivity with its modi"ed double shear specimen [26]. This
fact was able to apply to the present results at several hundreds per strain.

Mechanical characteristic values, i.e., upper yield stress, lower yield stress, tensile strength,
uniform strain, local strain, total (breaking) strain and absorbed energy per unit volume were
picked up from the stress}strain curves, respectively. Among the characteristic values, the coe$-
cients of variation for tensile strength, total strain and absorbed energy per unit volume were less
than 10%. In the above representative values for elongation, the uniform strain (It de"ned as the
strain value at the tensile strength.) is not physically de"nable. Because, for the initial gage length of
the specimen was only 8 mm and the diameter 3 mm, the aspect ratio is only 2.67. Comparing with
the axial length of a necked region of the ruptured specimen, the initial gage length was too short so
that it was almost impossible to "nd the part of a non-necked region within the ruptured gage
length. Of course, for dynamic tensile/compressive test, such a short specimen is desirable to
establish an axially uniform condition in the early stage of the dynamic deformation. Thus, the
uniform strain in this work was an apparent quantity.

Fig. 8 shows strain rate and C content dependence of lower yield stress p
LY

. By many
investigators, at e5"10~3}10~1 s~1, linear relationships between stress and log e5 for steels were
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Fig. 8. Strain rate and C content dependence of lower yield stress for seven carbon steels: (a) strain rate dependence;
(b) C content dependence.

Fig. 9. Strain rate and C content dependence of tensile strength for seven carbon steels: (a) strain rate dependence;
(b) C content dependence.

reported. The relationship also held on the present quasi-static range. In case of the dynamic
results, however, it hardly held. The expected ratio of the dynamic lower yield stress to quasi-static
one was 1.1}1.5, based upon the linear relationship. In fact, the ratio was 1.7}1.8. Harding et al. [8]
reported their result indicating the ratio larger than 3. In Fig. 8(b), C content dependence of
p
LY

was almost linear, even at the dynamic strain rate. This was a rational fact in metallurgy.
Strain rate and C content dependence of tensile strength p

P
is shown in Fig. 9. The same

tendencies of p
LY

were observed for p
P
. The dynamic stress}strain curves, especially the stress level

were a!ected by adiabatic heating. The temperature rise leads to some softening. This argument
will be discussed later. Because for the calculation of the degree of such heating, absorbed energy
should be evaluated in advance.
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Fig. 10. Strain rate and C content dependence of uniform strain for seven carbon steels: (a) strain rate dependence;
(b) C content dependence.

Fig. 11. Strain rate and C content dependence of total (breaking) strain for seven carbon steels: (a) strain rate dependence;
(b) C content dependence.

Figs. 10 and 11 represent strain rate and C content dependence of uniform strain (the strain at
the tensile strength) e

U
and total (breaking) strain e

T
. Considering their wide scattering, both strains

were almost constant over e5"1]10~3}1]10~1 s~1. In general, at e5"1]103 s~1, e
U

decreased
while e

T
increased. These contrary tendencies meant that after the occurrence of necking the

elongation was not concentrated to the necked part only under dynamic tension. Though the gage
length of the specimen was adequately small, plastic wave propagation, re#ection and superposi-
tion during necking growth might have feasibility to give the contrary tendencies. Both strains were
reduced with increasing C content. The gradient of e

T
was almost the same as that of e

U
, except for

the dynamic strain rates.
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Fig. 12. Strain rate and C content dependence of absorbed energy per unit volume for seven carbon steels: (a) strain rate
dependence; (b) C content dependence.

Absorbed energy per unit volume E
!"

was a measure of toughness. Dependence of strain rate and
C content on it is given in Fig. 12. Comparing with quasi-static values, E

!"
was more than 1.25

times higher under dynamic tension. The C content e!ect on E
!"

gave a convex curve at each strain
rate. Peak values were obtained at 0.44 wt%C under dynamic tension, and at 0.33 wt%C under
quasi-static. In Ref. [21], the present authors formerly reported another series of carbon steels of
lower C content (0.033}0.21 wt%C). E

!"
increased monotonically so that there existed consistency

with these results.
The absorbed energy is a factor to evaluate how much the specimen is heated just after dynamic

deformation. In the calculation of the temperature rise, the argument of the proportion of work
converted to heat b is continuing. In order to solve this problem, temperature measurement
technique of very high-frequency response is essential. Macdougall and Harding [27] made
a forward movement to obtain the point temperature measurement during dynamic tensile and
torsional tests with radiometers of very short-time resolution &1 ls. Their specimen was Ti-6Al-
4V alloy of low heat transfer coe$cient, 8 W/(m K) [25]. They found that the fracture surface
temperature was approximately 2003C just after the dynamic rupture. In case of the present
experiments, the temperature rise was not that high. For S45C steel that had the maximum
absorbed energy per unit volume at the dynamic strain rate, the temperature rise at rupture can be
evaluated by the following equation:

*¹"

b
c
P
oP

eT

0

p de, (7)

where b is the proportion of work converted to heat (1.0, tentatively), c
P

is the speci"c heat at
constant pressure (0.492 kJ/(kg K) for medium carbon steel [25]) and o is the speci"c heat
(7840 kg/m3 for medium carbon steel [25]). The integration of the right-hand side equals
E
!"

(239 MJ/m3). *¹ is evaluated as 623C. The heat transfer coe$cient is 44 W/(m K) [25] for the
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Fig. 13. Predicted surface of lower yield stress for carbon steels by the empirical equation at the strain rates of
1]10~3 s~1 and 1]103 s~1 (circles are experimental data and dots are predicted values): (a) e5"1]10~3 s~1; (b)
e5"1]103 s~1.

steel. This value is much greater than that of Ti-6Al-4V alloy. The temperature gradient in the gage
length of the steel specimen was gentler than that of the Ti alloy specimen. Therefore, the softening
for dynamically ruptured S45C steel was not so large.

For the strain rate dependence of lower yield stress p
LY

, once more attention should be given to
the separation of plots at e5"1]103 s~1. In Fig. 8(a), two groups of the plots, i.e., a group of S15C,
S20C and S25C (0.14}0.22 wt%C), and another group of S30C, S35C, S45C and S55C
(0.33}0.54 wt%C) are shown. As indicated in Table 1, the former group contained
0.39}0.41 wt%Mn, the latter 0.69}0.86 wt%Mn. Therefore, it was natural to consider that Mn
content also a!ects the strength level of the carbon steels. In order to combine the e!ects of
C content with that of Mn on p

LY
, the following empirical equation [28] was tried to "t:

p"k
1
C#k

2
CMn#k

3
Mn#k

4
, (8)

where C and Mn are the contents of C and Mn, respectively in wt%, and k
*
(i"1, 2, 3 and 4) are

constants. With the least-squares "tting of three linear independent variables, p
LY

at
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Fig. 14. Predicted surface of tensile strength for carbon steels by the empirical equation at the strain rates of 1]10~3 s~1

and 1]103 s~1 (circles are experimental data and dots are predicted values): (a) e5 "1]10~3 s~1; (b) e5"1]103 s~1.

Table 2
Constants in the empirical equation for predicting strengths of carbon steels

Strain rate Constants
e5 (s~1)

k
1

(MPa/wt%) k
2

(MPa/wt%2) k
3

(MPa/wt%) k
4

(MPa)

Lower yield stress 1]10~3 !41.5 589 !139 322
1]10~2 375 34.7 !50.2 261
1]10~1 560 !398 134 197

p
LY

(MPa) 1]103 149 523 !39.7 459

Tensile strength 1]10~3 303 661 !95.1 483
1]10~2 32.6 1128 !225 566
1]10~1 300 651 !35.9 478

p
P

(MPa) 1]103 1283 !779 330 401
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e5"1]10~3 s~1 and 1]103 s~1 were predicted in Fig. 13. Hollow circles are the experimental
data and the upper dots the predicted ones. Errors were within $8%. The p

LY
}C}Mn surfaces

indicated a delicate e!ect of Mn content on the carbon steels. Mn content at higher C content
a!ects p

LY
stronger than that at lower C content. Also, tensile strength p

P
was tried to be predicted

by Eq. (8). In Fig. 14, good agreement with the experimental results within $5% was obtained.
The constants k

*
are tabulated in Table 2 for each case. Such a delicate e!ect of Mn content on the

strengths of the carbon steels at the dynamic strain rate should be considered in better alloy design
for developing more crashworthy steels.

5. Conclusions

With the high-velocity tensile loading machine, driven by the elastic energy of the wound-up
rubber ropes, and the universal material testing machine, seven carbon steels were tested at four
strain rates, 1]10~3, 1]10~2, 1]10~1 and 1]103 s~1. The strain rate and C content dependence
of mechanical characteristic values were obtained systematically and analyzed as follows. The
linear relationship between stress and logarithmic strain rate did not hold at 1]103 s~1. The
C content e!ect on the dynamic strength was not that strong as compared with the quasi-static
strength. The obtained stress values suggested that Mn was also one of the strongly in#uential
compositions and its e!ect was ampli"ed with increasing strain rate. In case of elongation for each
steel, the dynamic total (breaking) strain was greater than the quasi-static one and uniform strain
was vice versa in general. For absorbed energy, maximum values were observed at around
0.44 wt%C under dynamic tension and 0.33 wt%C under quasi-static. From the value of the
maximum absorbed energy per unit volume under dynamic tension, the adiabatic heating at
approximately 603C was evaluated. As a case study, from this series of the experiments, an
engineering knowledge for the crashworthy alloy design was proposed.
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