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The Taylor impact test was originally developed as a method for estimating the dynamic
strength of ductile materials at high strain rates. More recently, the Taylor test has been used
to verify material constitutive models by comparing numerical predictions with experimen-
tal data, since it provides a wide range of plastic strains and strain rates in various stress
states. When the impact velocity is sufficiently high, a specimen will generate cracks in the
Taylor test. Only few studies investigated so far the fracture phenomena and mechanisms in
the Taylor test. In this paper, based on investigation of material dynamic behaviour, the de-
formation and fracture characteristics of a 45 steel specimen under Taylor impact test were
simulated using axial symmetry and three-dimensional model was developed with LS-DYNA
software. The final length and diameter of the specimen, obtained in simulations, were con-
sistent with the experimental observations. Different dynamic fractures that occurred in the
Taylor test were obtained in three-dimensional numerical simulations as well. The mechanisms
of different failure modes were investigated using the history of stress state triaxiality of the
specimen.
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1. Introduction

The Taylor test was developed by G.I. Taylor as a method of estimating
the dynamic strength of ductile materials under compression. This test con-
sists of firing a flat-nosed cylindrical projectile made of a ductile material onto
a massive and rigid target at normal incidence. The dynamic flow stress can
be estimated by measuring the dimensions of a cylinder before and after defor-
mation.
The analytical analysis of the Taylor test gained importance in the past, in

spite of the fact that it was one-dimensional. However, it is clear that mate-
rial moves in three- dimensions during the Taylor impact test. In addition, the
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strain rate during the deformation process is not constant. On the opposite, the
strain in the deformation range varies at different places. Nowadays, with the
development of numerical simulation techniques, the Taylor test has been used
by a number of researchers [1–5] to validate constitutive strength models by
correlating final cylinder shape of experimental test and numerical simulation
result. In addition, some researchers used the Taylor impact test to evaluate
constitutive models and to determine constants for these models [6–8].
Most of the studies involving the Taylor test focus on determining the dy-

namic yield stress and constitutive models of materials without considering frac-
ture characteristics. If the impact velocity during the test is sufficiently high,
failure will occur and cracks will be generated in a cylinder. Until now, few pub-
lished papers have dealt with fracture phenomena and fracture mechanisms in
the Taylor test.
Two types of fracture behaviour were observed in the Taylor tests per-

formed by Papirno et al. with 4340 steel in different heat treatment condi-
tions [9]. One type was brittle fracture with a conical fracture surface at the
impact end of the projectile. The other type involved fracture, where the im-
pact surface petals while the projectile remains intact [9]. Grady and Kipp
[10] found large number of void nucleation, growth and aggregation in the
centre of specimen near the impact interface. The similar experimental phe-
nomena were also reported by Woodward in [11]. The dynamic fracture be-
haviours of Ti-6Al-4V alloy at high strain rate loading were investigated us-
ing the Taylor impact test in [12], where the critical impact velocity and mi-
croscopic analyses of fracture surface were given. The deformation and fail-
ure behaviour of flat projectiles manufactured from 7A04-T6 aluminium al-
loy were investigated in [13], where three deformation and failure modes, i.e.,
mushrooming, shear cracking and fragmentation were observed, while the im-
pact velocity increased. Taylor bar impact tests were conducted by Rakv̊ag
et al. in [14] using tool steel projectiles with three different values of hard-
ness at impact velocity ranging from 100 to 350 m/s. In their study, several
different deformation and fracture modes were registered for each hardness
value. Taylor impact tests in the classic and symmetric configurations were
applied to analyse the development of plastic deformation and damage in Al-
6082-T6 rods and internal axial damage was identified using metallography
in [15].
In fact, the fracture and fragmentation in the Taylor impact does not main-

tain axisymmetric characteristic, and this phenomena need to be described with
a three-dimensional (3D) model. Still, numerical prediction of crack growth
and fracture in a 3D body under multi-axial dynamic loading is a challeng-
ing problem. Three possible fracture modes in the Taylor impact: the confined
fracture inside the cylinder, the shear cracking on the lateral surface, and the
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petalling, were simulated by Teng et al. in [16]. However, the authors did not
provide direct comparison with experimental data for all three modes. Three
deformation and failure modes of penetration mechanisms, i.e., Taylor mush-
rooming, sunflower-like petalling and plugging perforation were observed in
the experiments and corresponding simulations of A3 steel blunt projectiles
impacting 45 steel plates by Chen [17]. A numerical study on the deforma-
tion and fracture modes of steel projectiles during Taylor bar impact tests
described in [14] was carried out in [18], where fracture modes and critical
velocities observed in experimental tests were reproduced in numerical simu-
lations.
In this paper, based on investigation of material dynamic behaviours, the

dynamic deformation and failure of 45 steel in Taylor cylindrical impact test
were investigated using LS-DYNA software that provided the dynamic finite
element simulation. The mechanisms of different failure modes were investigated
with obtained simulation results.

2. Material behaviours and model description

In the numerical simulation of dynamics, material constitutive models must
be able to depict exactly material behaviours under conditions of large strain
and wide range of strain rates and temperatures. The Johnson-Cook (JC) model
is often used to study the dynamic behaviours of metals, ranging from low to
high strain rates, and it is appropriate to study the quasi-static deformation
too. The JC model was chosen in this study to describe the plastic behaviour
and failure property of 45 steel material. The JC model consists of two parts.
The first part [1] describes material plastic flow stress that varies with strain,
strain rate and temperature, and is as follows:

(2.1) σeq = [A+B(εp)n][1 + C ln ε̇∗][1− (T ∗)m],

where A, B, C, n and m are material constants, ε̇∗ = ε̇
p
/ε̇0 is a dimensionless

strain rate, ε̇0 is a reference strain rate, and T
∗ = (T − Tr)/(Tm − Tr) is the

homologous temperature, where T is the absolute temperature, Tr is the room
temperature and Tm is the material melting temperature.
The second part [19] describes material failure with a damage parameter D

which is

(2.2) D =
∑ ∆εp

εf
,

where ∆εp is the increment of effective plastic strain during an integration cycle
and εf is the equivalent strain to failure, under the current conditions of strain,
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temperature, pressure and equivalent stress. Failure is allowed to occur when
D = 1.0. The general expression for the strain at fracture is given by

(2.3) εf = [D1 +D2 exp(D3σ
∗)][1 +D4 ln ε̇

∗][1 +D5T
∗],

where σ∗ = −Rσ = p/σeq is the stress triaxiality ratio and p is pressure. The
parameters D1, D2, D3, D4 and D5 are material constants. The failure strain
and thus the accumulation of damage is a function of mean stress, strain rate
and temperature.
In the absence of significant heat conduction at rare times, a higher velocity

impact is usually regarded as under adiabatic condition. The majority of plastic
energy is converted into heat and this generates localised high temperature. The
adiabatic temperature rise can be expressed as

(2.4) ∆T =
η

ρCp

ε∫

0

σ(εp) dεp,

where Cp is the specific heat, η is the fraction of plastic work converted into
heat and ρ is the material density.
Dynamic and quasi-static mechanical behaviour of 45 steel was studied in

[20] using the split Hopkinson pressure bar (SHPB) and static material test
system over a wide range of strain rates and temperatures. The experimental
results are given in Figs. 1 and 2.

Fig. 1. Tensional yield stress of 45 steel vs. temperature.
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Fig. 2. Compressive stress – strain curves of 45 steel at different strain rates.

The effects of high strain rate, elevated temperature and stress triaxiality
on the fracture behaviour of 45 steel were studied in [21] using split Hopkin-
son tension bar tests and static material test. The quasi-static experiments of
compressive, torsional, and tensile of both smooth and notched specimen were
conducted to study the effects of stress triaxiality. Tensile experiments at differ-
ent strain-rates and elevated temperatures were conducted to study the effects of
strain-rate and temperature. Failure strain of 45 steel vs. stress triaxiality, tem-
perature and strain rate in various cases of experiments are shown in Figs. 3–5,

Fig. 3. Failure strain of 45 steel vs. stress triaxiality.
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Fig. 4. Tension failure strain of 45 steel vs. temperature.

Fig. 5. Failure strain of 45 steel vs. strain rate.

respectively. The failure strain increased markedly with stress triaxiality, slightly
decreased with temperature, and slightly increased with strain rate.
Based on material property experiments shown above and with the method

of least squares, the parameters used in this simulation were obtained and they
are shown in Table 1 (the reference strain rate is 1 s−1).

Table 1. Material parameters of 45 steel.

P [kg/m3] E[GPa] µ Cp [W/(m · K)] η Tr [K] Tm [K] ε̇0[s
−1] A[MPa] B [MPa]

7800 200 0.3 469 1 300 1795 1 506 320

n C m D1 D2 D3 D4 D5

0.28 0.064 1.06 0.1 0.76 1.57 0.005 −0.84
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3. On the Taylor impact deformation

The deformation responses of Taylor impact specimen under different im-
pacting speeds were simulated with axisymmetric model using LS-DYNA. The
axisymmetric model was established according to the experimental conditions,
as shown in Fig. 6. The mesh scale of specimen was 0.5× 0.5 mm. The target was
described with elastic material model, and the specimen material was described
with the JC model as mentioned earlier. The interaction of the specimen with
the target was defined by the dynamic contact algorithm.

a) b)

Fig. 6. Axisymmetric FEM model for Taylor impact: a) global, b) local mesh.

The simulation results of the final deformation and the equivalent plastic
strain distribution of a 45 steel Taylor impact specimen in the cases of impact
velocity of 164 m/s, 217 m/s and 290 m/s are given in Fig. 7. The distribution

a) b) c)

Fig. 7. The final deformation of a specimen at different impact velocities:
a) 164 m/s, b) 217 m/s, c) 290 m/s.
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of plastic strain in the specimen is non-uniform (either in radial or axial direc-
tion), the maximum plastic strain is located at the centre of the impact section,
and its values under these three velocities are 0.64, 1.1 and 2.1, respectively.
A comparison of specimen shapes obtained in the experiment and the numer-
ical simulation is given in Fig. 8. The comparison of the final length and the
maximum diameter of specimen is given in Fig. 9. The consistency between ex-
perimental observations and numerical simulations indicates that the obtained

a) b) c)

Fig. 8. Comparison of a specimen final shapes between simulation and experiment:
a) 164 m/s, b) 217 m/s, c) 290 m/s.

Fig. 9. Comparison of a specimen final length and maximum diameter
between simulation and experiment.
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material parameters can describe the large strain mechanical behaviour of 45
steel under high speed deformation.
The loading history curves at three impact velocities obtained in our simu-

lation are given in Fig. 10. All the curves have similar characteristics. A high
peak value arose at the early stage of the impact process, and its amplitude was
approximately proportional to the impact velocity. The loads, then, reduced
to a lower level in 10 µs and maintained at a platform, the amplitude of the
plate increased slightly with initial velocity and varied at the range of 90 kN to
150 kN. Then, the impact loads decreased slowly at the end of collision after
80 µs. The interaction duration between the specimen and the target increased
slightly with the impact velocity. The loading curves reflected the mechanical
state of the specimen material at the process of impact as following: the ma-
terial near the impact interface was almost in the state of plane strain during
the initial stage, and the impact load was mainly the function of velocity. At
the following stage, the loading platform reflected the stress characteristics of
material steady plastic deformation state.

Fig. 10. The loading history curves at three impact velocities.

The specimen rigid-body velocity histories of several simulation cases are
given in Fig. 5. The specimen bounced velocity was about 19 m/s at impact
velocity varying from 154 m/s to 227 m/s, while it was 12 m/s at impact velocity
of 319 m/s. This is because of high temperature, during high speed impact,
generated by large plastic deformation at the impact end of the specimen, which
causes material softening. This softening causes a decrease in bounce velocity.
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Fig. 11. Rigid-body velocity histories at several impact velocity cases.

Figures 12 and 13 show equivalent plastic strain histories and stress triaxi-
ality histories of three elements at the specimen impact end in the case of the
initial impact velocity of 217 m/s, respectively. The three elements are located
at: impact end centre of the specimen, edge of the specimen and the middle
point between the other two elements. From these figures, it can be seen that,

Fig. 12. Plastic strain histories of three elements at the specimen
impact end (217 m/s).
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Fig. 13. Stress state triaxiality histories of three elements at the specimen
impact end (217 m/s).

at the initial stage of impact, all the elements were subjected to compressive
loadings, and the strain of the edge element was growing faster than that of the
central part. After the first stage, the strain growth at the edge became slow,
and the strain growth was maintained at the central part. Finally, at the end
of impact, the plastic strain at the central part was larger than the one at the
edge.
Figure 13 shows that the stress triaxiality of the element at the edge is neg-

ative in the first 5 µs of the impact. This indicates that the stress state is
compressive at that moment, and after that, the triaxiality changes to positive,
which indicates that the stress state of the edge is tensile. While at the central
part, the stress triaxiality is negative during the whole impacting process, that
is, the material is always subjected to compressive loading. Therefore, in con-
sideration of the relationship of material failure strain and stress triaxiality, the
material fracture may occur first at the edge even if the strain at the centre part
is much larger.

4. On the specimen failure under Taylor impact

Although the experimental design of Taylor impact can be considered to
be axisymmetric, the failure of a specimen is not symmetric. Thus, simple ax-
isymmetric finite element modelling (FEM) is unable to simulate the failure.
A 3D solid element was employed to model both the specimen and the target.



236 G. CHEN, X. HUANG

The technique of element deletion was used to simulate erosion of the specimen.
When the accumulative damage of an element exceeded the critical value, all
the components of stress in the element were set to zero, the material failed, and
the element was deleted in the subsequent calculation. To reduce the influence
of element deletion on the structural impact, one has to minimise the mesh size
of FEM, within the allowable computational time. In the simulation, the spec-
imen element size was modelled as 0.45× 0.45× 1.25 mm, in which the longest
edge is along the axial direction.
The specimen deformation and damage distribution for impact velocities of

217 m/s, 290 m/s, 319 m/s and 350 m/s are given in Fig. 14. In the case of
217 m/s, the maximum damage was 0.6, and there was no failure in specimen,
but the maximum damage appeared at the edge of impact end. In the case
of 290 m/s, a crack failure appeared at the edge of the impact end, which is

a) b)

c) d)

Fig. 14. The specimen deformation and damage for different impact velocities:
a) 217 m/s, b) 290 m/s, c) 319 m/s, d) 350 m/s.
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a) b) c)

d)

Fig. 15. Top view (a, b, c) and side view (d) failure of specimen:
a) 217 m/s, b) 290 m/s, c) 319 m/s, d) 319 m/s.

consistent with the experimental observation. The failure in the specimen was
intensified, and the spiral shear failure in the specimen lateral face was observed,
while the impact velocity increased to 319 m/s. Various failure characteristics of
Taylor impact experiments were obtained. Although there is some uncertainty,
it appears that the obtained parameters can describe the fracture behaviour of
45 steel under high speed deformation. When the impact velocity was further
increased, the failure appeared at the end of the impact end, and the specimen
head broke.
The deformation and failure process of 45 steel Taylor impact specimen for

the case of impact velocity of 310 m/s is given in Fig. 16. From this figure it can
be seen that, at the time of 60 µs after the impact, numerous element failures
appeared at the edge of the impact end, and this caused the formation of crack.
As the specimen deformation further increased, more and more elements failed,
which led to the further development of the crack. Although initially a large
number of cracks appeared, eventually only some of the cracks grew; as the
length of cracks grew to a certain stage, at the time of 140 µs cracks began to
bifurcate a, and then they grew spirally.
The characteristics of the specimen damage and fracture can be described

with stress state triaxiality histories. The failure strain of material was domi-
nated by the stress state triaxiality, the fracture strains increased markedly with
stress triaxiality. At the central part of the specimen, material was always sub-
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Fig. 16. Deformation failure process of 45 steel Taylor impact specimen (310 m/s).

jected to compressive loading, and at the edge of specimen, material was under
the stress state of circumferential tensile. Thus, failure would first occur at the
specimen edge.

5. Summary

In this study, the deformation and fracture characteristics of 45 steel were
simulated numerically during Taylor impact tests with material model parame-
ters calibrated by various material properties experiments.
The specimen deformation of Taylor impact obtained with two-dimensional

axisymmetric numerical simulation was consistent with experimental observa-
tion. Two of the simulation results: the loading characteristics and the temper-
ature rise were discussed. By analysing stress state triaxiality histories, it can
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be concluded that material failure may first occur at the edge of the specimen,
despite the fact that the strain at the centre part is much larger than that at
the edge.
Next, the specimen failure under Taylor impact was simulated with 3D solid

model. Various failure characteristics observed in the Taylor impact experiments
were presented.
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