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Abstract

A flat-nosed cylinder moving at a sufficiently high impact velocity in the classical Taylor test will always fracture. In
this paper, fracture phenomena and fracture mechanisms in the Taylor test are investigated numerically based on a
recently developed ductile fracture locus with the cut-off value for the negative stress triaxiality at �1/3. The impact
velocity of the projectile ranges from 240m/s to 600m/s. The lower velocity is applied to a less ductile 2024-T351 alum-
inum alloy cylinder while the higher velocity is introduced for more ductile Weldox 460 E steel. Three distinct fracture
modes are recreated numerically: the confined fracture inside the cylinder, the shear cracking on the lateral surface, and
the petalling, all of which are consistent with experimental results presented in the open literature. It is found that a
more ductile cylinder tends to fail by petalling while a less ductile one by shear cracking. Confined fracture is a common
failure mode for both materials, which occurs in a wide range of the impact velocity. The ductile fracture criterion with
the cut-off value predicts realistic fracture patterns for short cylinders deforming predominantly under compression.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The Taylor test in which a deformable flat-nosed cylinder is fired against a fixed, rigid wall was originally
proposed to determine dynamic yield stresses of materials (Taylor, 1948). As large plastic deformation, high
strain rates, and elevated temperature are involved, the Taylor test is also widely used to verify material
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constitutive models by comparing numerical prediction with experimental response, e.g. Johnson and
Holmquist (1988), and Rohr et al. (2003). A careful literature review reveals that over 400 papers relating
to the Taylor test have been published over the past 50years (Walley, 2003). Most of the papers focus on
dynamic yield stresses and material constitutive models, but only few authors investigated fracture phenom-
ena and fracture mechanisms in the Taylor test. Cracks or fragments will be generated in the Taylor test if a
cylinder is fired at a sufficiently high impact velocity. Couque (1998) observed several spiral cracks formed
on the lateral surface of the cylinder in symmetric Taylor tests on swaged tungsten alloys. Woodward et al.
(1992) presented several pictures illustrating tensile splitting as well as fragmentation in steel specimens.
Grady and Kipp (1989) found from sectioned post-test specimens that a number of voids nucleate, grow,
and coalesce in the region near the impact interface and the central axis. Worswick and Pick (1995), and
Addessio et al. (1993) used the Gurson material model (Gurson, 1975) to simulate the process of void
growth.
Compared with a great number of experimental studies and numerical simulations of the process of

mushrooming deformation, numerical prediction of fracture in the Taylor test appears to be lacking in
the literature. In fact, numerical prediction of crack growth in a three-dimensional body under multi-axial
dynamic loading is still a challenging problem. The accuracy of numerical simulations of fracture would
depend on a chosen criterion for initiation and propagation of cracks. Because several distinct fracture
modes may occur separately or simultaneously in specimens, the applicability of a specific ductile fracture
criterion can be examined by performing the Taylor test and parallel numerical simulations. In particular,
the Taylor test can be used to investigate effects of negative hydrostatic stress on fracture mechanisms and
failure modes, since the cylinder is predominantly under compression during the impact process. Most duc-
tile fracture criteria involving the effective plastic strain and the stress triaxiality were developed on basis of
a series of tensile tests on smooth and notched axisymmetric specimens. Therefore, they cover just the range
of the stress triaxiality higher than 1/3. In practical application, several authors extrapolated these fracture
loci to the range of the negative stress triaxiality (Johnson and Cook, 1985; Børvik et al., 2001b). Such as
extension may be questionable.
The objective of the present paper is to formulate and solve the classical Taylor problem, which is dom-

inated by compression for which ductile fracture could not be easily predicted. Detailed numerical simula-
tion is performed using the newly developed ductile fracture locus by Bao and Wierzbicki (2004). A cut-off
value for the negative stress triaxiality at rh=�r ¼ �1=3 was introduced in this fracture locus. The initial im-
pact velocity of the cylinder ranges from 240m/s to 600m/s. The lower velocity is applied to 2024-T351
aluminum alloy, while the higher velocity is introduced for Weldox 460 E steel, which is more ductile than
2024-T351 aluminum alloy. Three distinct fracture macro-modes are identified: confined fracture inside the
specimen, petalling, and shear cracking. Corresponding fracture mechanisms are discussed. The effect of the
cut-off value on the failure process is also studied.
2. Finite element modeling

2.1. Computational model

Consider normal impact of a flat-nosed cylindrical projectile onto a rigid wall (see Fig. 1). The cylindrical
projectile is of the diameter d = 6mm and the length l = 30mm. The friction coefficient between the front
surface of the projectile and the rigid wall is assumed to be l = 0.1. ABAQUS/Explicit was used to simulate
the deformation and fracture process of the cylinder.
As observed from the retrieved specimens (Woodward et al., 1992), either tensile splitting or spiral

cracking develops on the lateral surface of the projectile. Hence, a 3-D solid finite element model was built
rather than an axisymmetric model (see Fig. 2). Eight-node, linear brick elements with reduced integration



Fig. 1. Schematic representation of a cylindrical projectile impacting a rigid wall.

Fig. 2. Finite element model of the projectile-target system.
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(C3D8R) were used. Very fine meshes were generated in the front part where fracture was expected to
occur, while relatively coarse meshes were used in the rear part of the cylinder. Totally there are
120,000 elements in the FE model. The minimum element size is approximately 0.2mm ·
0.2mm · 0.2mm. The technique of element deletion embedded in ABAQUS/Explicit is used to model
crack initiation and propagation. In reality, a crack is formed due to separation of materials. Hence,
the size of elements must be sufficiently small to attenuate effects of element removal on the impact re-
sponse. The rigid wall was modeled as a rigid circular surface. The kinematic contact constraint was pre-
scribed at the impact interface, which allows the projectile to elastically rebound from the rigid wall at the
end of the impact process.
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2.2. Material constitutive model

Due to simplicity and availability of material coefficients, the Johnson–Cook (JC) material model
implemented in ABAQUS/Explicit was used in the present calculation. The material model should not
be confused with the fracture model that will be discussed later. In the JC model the equivalent stress,
�r, is an explicit function of the equivalent plastic strain, �epl, the temperature, T, and the plastic strain rate,
_�epl (Johnson and Cook, 1983):
Table
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where _�e0 is the reference plastic strain rate, T0 and Tm are the room temperature and the material melting
temperature, respectively, and A, B, n, C, and q are five material constants. The JC model accounts for iso-
tropic strain hardening, strain rate sensitivity, and thermal softening in the uncoupled form. The first term
of the right hand side of Eq. (1) represents the quasi-static stress–strain relation at room temperature; the
second term signifies the strain-rate hardening; the third term means the temperature dependence of the
stress–strain relation. It should be pointed out that in the computation, the material behaves elastically
up to the point of initial yield and then follows Eq. (1).
The high velocity impact process is usually assumed to be adiabatic, because heat generated by plastic

work in the localized region does not have sufficient time to be conducted to the surrounding material. The
increase in local temperature T owing to plastic work is given by
T ¼
Z

a
qcp

rij deijpl; i; j ¼ 1; 2; 3; ð2Þ
where q is the material density, cp is the specific heat, r
ij and eijpl are the components of the stress and plastic

strain tensors, respectively, and a is the fraction of plastic work converted to heat. It is generally accepted
that a ffi 0.9 (Bai and Dodd, 1992).
Two types of materials: 2024-T351 aluminum alloy and Weldox 406 E steel, are considered in the present

paper, which represent a less and a more ductile metal, respectively. The material constants in the JC model
for both materials are listed in Tables 1 and 2, where r0 is the plastic flow stress; c ¼

ffiffiffiffiffiffiffiffiffiffi
r0=q

p
is the trans-

verse plastic stress wave speed; D1, . . . ,D5 are five material constants in the JC fracture criterion. Detailed
discussion on the determination of the material coefficients for 2024-T351 aluminum alloy was presented by
Teng and Wierzbicki (2004). Mechanical properties of Weldox 406 E steel were taken from Børvik et al.
(2001a). It should be pointed out that two sets of the material constants in the JC constitutive model were
calibrated by Børvik et al. (2001a) for Weldox 460 E steel: one set corresponds to the case that damage
softening was taken into account in the material model, the other applies to the case where the material
model is uncoupled to the fracture model. In the present paper, the latter set is used. As shown in Figs.
3 and 4, the stress–strain relationships of both 2024-T351 aluminum alloy and Weldox 406 E steel are much
more sensitive to temperature than to the strain rate.
1
ial constants for 2024-T351 aluminum alloy

a) m q (kg/m3) _�e0 (s
�1) C cp (J/kgK) a Tm (K) T0 (K) q

0.3 2700 3.33 · 10�4 0.0083 875 0.9 775 293 1.0

a) B (MPa) n r0 (MPa) c (m/s) D1 D2 D3 D4 D5
440 0.42 565.5 457.6 0.13 0.13 �1.5 0.011 0.0



Table 2
Material constants for Weldox 460 E steel

E (GPa) m q (kg/m3) _�e0 (s
�1) C cp (J/kgK) a Tm (K) T0 (K) q

200 0.33 7850 5.00 · 10�4 0.0123 452 0.9 1800 293 0.94

A (MPa) B (MPa) n r0 (MPa) c (m/s) D1 D2 D3 D4 D5
490 383 0.45 808.6 321.0 0.0705 1.732 �0.54 0.015 0.0

Fig. 3. Equivalent stress versus plastic strain under various strain rates and temperature for 2024-T351 aluminum alloy using Eq. (1).

Fig. 4. Equivalent stress versus plastic strain under various strain rates and temperature for Weldox 460 E steel using Eq. (1).
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2.3. Ductile fracture criteria

A fracture criterion has to be assigned to predict crack formation in the projectile. The cylinder in the
Taylor test usually does not have any macro-cracks before experiments. The front part of the cylinder
undergoes large plastic deformation before crack formation and growth. The plastic deformed region is
so large that it is beyond the requirement for K-dominance or J-dominance. Hence, the widely used dy-
namic stress intensity factors or J-integrals as fracture criteria are not applicable to the Taylor test. At
the same time, a ductile fracture criterion formulated in terms of the effective plastic strain and the stress
triaxiality was shown to be applicable to the problem of high velocity impact (Teng and Wierzbicki, 2004).
In ABAQUS/Explicit, the cumulative damage D at a material point is defined as an integral with respect

to the effective plastic strain:
D ¼
Z �epl

0

d�epl
�ef

rh
�r ; _�epl; T

� 	 ; ð3Þ
where �ef is the fracture strain as a function of the stress triaxiality, strain rate, and temperature. When the
cumulative damage D exceeds unity at an integration point of an element, all the deviatoric stress compo-
nents are suddenly set to zero at this point. The whole element is considered to fail if the accumulated damage
at all the integration points exceeds the critical value. ABAQUS/Explicit provides two options to treat the
failed elements. Either the failed elements completely lose their load carrying ability, or the failed elements
are still capable of transmitting pressure but neither tension nor shear. If the former option is used, the failed
elements will no longer participate in the calculation. The time step required for the computational stability
will not be determined from these severely distorted elements. Hence, the calculation using the former option
is much faster than using the latter one. The latter option is activated in all calculations presented in Section 3.
In the presentation of the results the failed elements are removed to illustrate crack initiation and growth

in ABAQUS/Explicit. In reality, cracks are formed as the originally coherent material is separated. The
technique of element deletion is effective in some 2-D cases, for example, through-thickness crack propa-
gation in shear plugging and tensile tearing as shown by Børvik et al. (2002); Teng and Wierzbicki
(2004). However, this technique should be used with care in 3-D cases such as the Taylor test, since a failed
region may be large and cracks formed may close later on due to the predominant compression.
The effects of strain rates and temperature on the fracture strain are much smaller than that of the stress

triaxiality for 2024-T351 aluminum alloy (Johnson and Cook, 1985) and Weldox E 460 steel (Børvik et al.,
2001b, 2003; Hopperstad et al., 2003), as represented by the fracture coefficients in Tables 1 and 2. As a first
approximation, the fracture strain is assumed to be a function only of the stress triaxiality. Both effects of
the strain rate and temperature on the damage accumulation are taken into account in an indirect way
through the calculation of the stress.
Several relationships between the fracture strain and the stress triaxiality were proposed in the literature,

e.g. McClintock (1968), and Rice and Tracey (1969). Recently, a new fracture locus that consists of three
branches was developed by Bao and Wierzbicki (2004) for 2024-T351 aluminum alloy, which covers a wide
range of the stress triaxiality,
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The unique feature of the present fracture locus is that if the current stress triaxiality is lower than �1/3, the
increase in the effective plastic strain does not contribute to the damage accumulation. Another ductile frac-
ture criterion proposed by Johnson and Cook (1985) is of the form:
�ef ¼ D1 þ D2 exp D3
rh
�r


 �
; ð5Þ
where the values of three constants: D1, D2, and D3, are listed in Tables 1 and 2, respectively, for 2024-T351
aluminum alloy and Weldox 460 E steel. Comparison between the BW�s and JC�s fracture loci for 2024-
T351 aluminum alloy is shown in Fig. 5. A more detailed discussion on the fracture locus for 2024-T351
aluminum alloy was presented by Teng and Wierzbicki (2004) and Bao et al. (in press).
Hopperstad et al. (2003) and Børvik et al. (2003) performed a series of tensile tests on smooth and

notched axisymmetric Weldox 460 E steel specimens and parallel numerical simulations, which gives
the fracture strain in the range of stress triaxiality only from 1/3 up. Since neither shear nor compression
tests were conducted, fracture properties in the range of low stress triaxialities were not available. The
fracture strain at pure shear (rh=�r ¼ 0) was estimated from an analytical model (Børvik et al.,
2001b). By curve-fitting the tensile test points and the estimated torsion point, the fracture locus given
by the exponential function of the stress triaxiality was determined for Weldox 460 E steel. The three
fracture coefficients are listed in Table 2. This fracture locus was extrapolated to the range of the neg-
ative stress triaxiality in practical application. The present authors think that the concept of extra-
polation is questionable. Teng and Wierzbicki (2004) showed this type of fracture criterion was
unable to give realistic results in the problem of rigid mass-to-beam/plate impact while the fracture loci
with the cut-off value for the negative stress triaxiality successfully captured the failure process. Consid-
ering this fact, a modified fracture locus with the cut-off value for the stress triaxiality at rh=�r ¼ �1=3 is
introduced, which is the same as the original one calibrated by Børvik et al. (2001b) in the range of
rh=�r > �1=3 (see Fig. 6).
The fracture criterion with the cut-off value for the stress triaxiality is defined in all the calculations pre-

sented in Section 3. Comparison of the failure process between both fracture loci with and without the cut-
off value will be addressed in Section 4.
Fig. 5. Fracture loci for 2024-T351 aluminum alloy.



Fig. 6. Fracture loci for Weldox 460 E steel.
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3. Fracture mechanisms

3.1. Mushrooming deformation

Immediately upon impact, elastic waves followed by plastic waves are generated at the impact interface,
and travel back and forth between the front and rear surfaces. The cylinder gradually slows down, and fi-
nally rebounds from the rigid wall as the stored elastic energy is released. The front part of the cylinder
bulges out due to compression while the rear part keeps almost undeformed. This deformation process
of the cylinder illustrated in Fig. 7 shows a familiar mushroom-like deformation mode in the Taylor test.
There is an extensive literature on this subject where comparison are made between the experimentally
measured and numerically predicted mushrooming profiles, specimen shortening, and time history of the
velocity of the rear surface. Our plasticity model is consistent with previous findings but does not bring
any new features. What is entirely new is the prediction of fracture that will be dealt with in the remaining
of the paper.
3.2. Confined fracture

At a relatively low impact velocity, a number of voids or even cracks may be generated inside specimens
although no cracks are observed on the exterior surface. This type of failure relating to void nucleation,
growth, and coalescence has been demonstrated experimentally by, e.g. Worswick and Pick (1995), and
Addessio et al. (1993), and also numerically using the Gurson material model. In the present paper this fail-
ure mode is successfully recreated using the conventional plasticity model combined with a suitable ductile
fracture criterion. As shown in Fig. 8, several elements fail in the region near the front surface and the sym-
metry axis. Since the failed elements are confined by the rigid wall and the surrounding intact materials, this
type of failure in the Taylor test is term ‘‘confined fracture’’ here.
A typical point located at the symmetry axis is selected to illustrate the loading history of the failed re-

gion (see Fig. 9). Immediately upon impact, compressive stress waves are generated in both axial and radial
directions. At about t = 0.76ls a radial unloading stress wave of extremely high amplitude arrives at the



Fig. 7. Mushrooming deformation process of the Weldox 460 E steel projectile at V0 = 400m/s.
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symmetry axis. As the radial stress waves travel back and forth from the symmetry axis to the free lateral
surface, all three stress components of the stress tensor (rr,rh,rz) oscillate with time. The average period is
about 1.87ls.
Fig. 10 shows the history of the axial displacement of the central point of the front surface. Contrary to

intuition, the central part of the front surface does not always stay at a close contact with the rigid wall.
Immediately after impact a small gap between the front surface and the rigid wall is temporarily formed,
which closes after about t = 4ls until the whole projectile elastically rebounds from the rigid wall. This



Fig. 9. History of the normalized stress components at a point in the symmetry axis of the projectile. The point is 0.6mm away from
the front surface.

Fig. 8. Confined fracture: failed regions represented by dark elements in an axial section of the Weldox 460 E steel projectile. Failed
elements in this figure were brought back to the initial, undeformed configuration.
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finding is consistent with the numerical results by Worswick and Pick (1995) and Addessio et al. (1993)
using the Gurson material model.
The first several stress waves are mainly responsible for void nucleation and coalescence inside the spec-

imen (see Fig. 11). As the gap closes, the compression becomes dominant in the central part of the cylinder,
i.e. the stress triaxiality is lower than �1/3. Hence, the void growth takes place mainly in the initial phase of
the impact process and is suppressed later on.
The size of the failed region inside the specimen increases with the impact velocity (see Fig. 8). In the case

with a relatively low impact velocity, nucleated and coalesced voids or cracks may be still observed from
sectioned post-test specimens. However, at a much higher velocity, the voids and cracks generated in the
initial phase of the impact process could disappear or are difficult to discern due to subsequent crush by
the surrounding materials.



Fig. 10. History of the axial displacement of the central point of the front surface.

Fig. 11. History of the plastic strain and the stress triaxiality at a point at the symmetric axis of the projectile. The point is 0.6mm away
from the front surface.
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3.3. Petalling

As the initial impact velocity increases further to V0 = 600m/s, another fracture mode: petalling, is pre-
dicted in the Weldox 460 E steel cylinder. The process of deformation and fracture of the projectile is shown
in Fig. 12. Different from the preceding cases with low impact velocities, a number of small cracks are gen-
erated on the front surface due to radial stress wave at V0 = 600m/s. However, only four major cracks sur-
vive and propagate radially toward the symmetry axis due to tensile hoop stresses. As the velocity of the
rear part of the cylinder decreases, these cracks are finally arrested.
The failed elements are removed to show crack initiation and growth in Fig. 12. In reality, the crack for-

mation is due to separation of materials microscopically and macroscopically. Therefore, the crack open-
ings illustrated in Fig. 12 may be a little larger than real ones.
To provide an insight into the failure mechanism of petalling, a point located at the periphery of the

front surface is chosen to demonstrate the history of the stress triaxiality and the effective plastic strain.



Fig. 12. Petalling process of the Weldox 460 E steel projectile at V0 = 600m/s.
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As shown in Fig. 13, the stress triaxiality at this point is always positive except in the very beginning. Its
value is very close to 1/3 during the whole impact process, which indicates the predominantly uniaxial stress
state in this point. In actuality, the periphery of the front surface moves upward in the mushrooming proc-
ess and is disconnected from the rigid wall immediately after impact. Hence, the tensile hoop stress is only
an acting stress component at the periphery of the front surface.
In this case, the outer edge of the front surface of the cylinder gradually curls up during the impact proc-

ess. The curling of the front surface is not evident in the preceding cases. Here, four petals are generated.



Fig. 13. History of the effective plastic strain and the stress triaxiality of a point at the outer edge of the front surface for the Weldox
460 E steel projectile at V0 = 600m/s.
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The number of the petal probably depends on the impact velocity, the ductility of the material, and the
geometrical size of the projectile, which needs to be further investigated.

3.4. Shear cracking

The third possible fracture mode in the Taylor test is identified as shear cracking. Consider the cylinder
made of 2024-T351 aluminum alloy fired at V0 = 240m/s. The Bao–Wierzbicki�s fracture locus was defined
in the simulation.
As the front part of the projectile near the rigid wall bulges out, several cracks initiate at the periphery of

the front surface, and grow spirally on the lateral surface of the projectile (see Fig. 14). This failure pattern
is similar to that in quasi-static upsetting tests where a shear crack is formed near the equator of a specimen
Fig. 14. Shear cracks on the lateral surface of the projectile at V0 = 240m/s. (a) Spiral shear cracks on the deformed projectile.
(b) Spiral shear cracks mapped back on the undeformed shape represented by the dark (blue) elements.
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due to barrelling and resulting tensile hoop stress (The front surface of the projectile in the Taylor test is
equivalent to the equator plane of the cylinder in the upsetting test.).
A typical point at the periphery of the front surface, where a crack initiates, is selected to illustrate the

history of both the stress triaxiality and the effective plastic strain. As seen from Fig. 15, a large part of the
stress triaxiality during the impact process falls in the range from �0.3 to 0.0, which are typical values in
upsetting tests (Bao and Wierzbicki, 2004). Due to dominant compression, there is friction between the
newly formed crack surfaces, which destroys microcharacteristics on the crack surfaces, and makes the
crack surface more smoother in Mode II than in Mode I.
The present numerical prediction is consistent with the experimental results by Couque (1998) in which

the symmetric Taylor tests were conducted and several 45� shear cracks were observed on the lateral surface
of both cylinders (Fig. 16). The cylinders were made of swaged tungsten alloy of static elongation of 10%.
No shear cracking is observed for the projectile made of Weldox 460 E steel in numerical simulations, which
is more ductile than 2024-T351 aluminum alloy and swaged tungsten alloy. Correspondingly, in upsetting
Fig. 15. History of the effective plastic strain and the stress triaxiality at a point on the edge of the front surface of the 2024-T351
aluminum alloy projectile at V0 = 240m/s.

Fig. 16. Shear cracking on the lateral surface of two swaged tungsten alloy cylinders in the symmetric Taylor test (Couque, 1998).
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tests a ductile short cylinder can be pressed to a large extent without any evidence of shear cracks on the
lateral surface. Hence, shear cracking would more likely take place in a less ductile projectile while tensile
petalling in a more ductile cylinder. At a higher impact velocity, shear cracks initiated on the lateral surface
would grow toward the interior of the projectile, and eventually the front region of the projectile would
break into several parts.
4. Effects of fracture criteria for negative stress triaxialities

Most of ductile fracture criteria studied in the literature were calibrated on basis of tensile tests on
notched and smooth axisymmetric specimens. In real situations, a structural component may be subjected
to not only tension but also shear and compression. A question naturally arises whether one would be able
to use a fracture locus obtained from tensile tests alone to predict fracture in a case where compression is
dominant such as the Taylor test. In this section studied are effects of the type of ductile fracture criteria on
the fracture response.
Fig. 17 shows the final fracture patterns of the Weldox 460 E steel projectile at V0 = 600m/s among four

combinations of fracture options. The fracture criteria with and without the cut-off value shown in Fig. 6
were implemented in the calculations, respectively. At the same time, it is assumed that either the failed ele-
ment completely lose the load-carrying capability or are still able to resist pressure. Hence, there is a total of
Fig. 17. Comparison of failure patterns of the Weldox 460 E steel projectile at V0 = 600m/s among various fracture options.
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four combinations. All the failed elements have been removed to show the generated cracks and fragments.
It appears that the fracture locus without the cut-off value predicts more petal numbers and/or longer crack
length than that with the cut-off value. In a way fracture models that disregard the effect of the cut-off value
make materials to be artificially brittle. A number of fragments escape from the projectile in the case where
the failed elements are assumed to completely lose the load-carrying capability, see the graphs on the left
hand side of Fig. 17. These fracture patterns probably are unrealistic, since the cylinder is made of a much
ductile material.
The effect of the cut-off value on the predicted failure pattern of the cylinder becomes evident when com-

paring the failed region among these four cases (Fig. 18). Note, that the central part of the cylinder is pre-
dominantly under compression. The predicted size of the failed region is much smaller in the cases with the
cut-off value than without the cut-off value. In reality, failed materials would be still attached to specimens.
The size of the failed region may be determined by checking metallurgical microstructures of post-test
specimens.
Beside a different fracture pattern, also the time history of the velocity of the rear surface can be studied

to distinguish between various types of fracture criteria. Immediately upon impact, an axial elastic stress
wave is generated followed by a plastic stress wave travelling at a much lower velocity. As the axial elastic
stress wave propagates back and forth from the rear surface to the elastic–plastic boundary, the velocity of
Fig. 18. Comparison of the size of the failed region in the undeformed form for the Weldox 460 E steel projectile at V0 = 600m/s.



Fig. 19. Comparison of the velocity history of the rear surface of the Weldox 460 E steel projectile at V0 = 600m/s among four cases.
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the rear surface decreases in a step-wise way. The movement of the rear surface can be measured using the
so-called VISAR (velocity interferometer system for any reflector) technique. The measured time history of
the velocity of the rear surface can be used to verify material constitutive models by comparing with numer-
ical results, e.g. as proposed by Rohr et al. (2003). However, tracking the velocity history appears not to be
very useful to verify the fracture criterion if the cylinder fails by petalling in the Taylor test. As shown in
Fig. 19, there is not much difference in the calculated velocity history of the rear surface among four cases.
However, this observation is not true for shear cracking. As we can see from Fig. 20 that the JC�s and BW�s
fracture loci give different velocity–time history for the 2024-T351 aluminum alloy where a projectile fails
by shear cracking.
The effects of the type of ductile fracture criteria on the failure response of the 2024-T351 aluminum al-

loy were also investigated. Fig. 21 shows the final fracture patterns of the cylinder at V0 = 240m/s using the
JC�s and BW�s fracture loci, respectively. In contrast to the BW�s fracture locus, the JC�s fracture criterion
does not capture shear cracking on the lateral surface of the cylinder. Elements in the front part of the
Fig. 20. Comparison of the velocity history of the rear surface of the 2024-T351 aluminum alloy projectile at V0 = 240m/s between
Johnson–Cook�s and Bao–Wierzbicki�s fracture loci.



Fig. 21. Comparison of the final fracture patterns for the 2024-T351 aluminum alloy projectile at V0 = 240m/s. It is assumed in both
cases that the failed elements are still capable of transmitting pressure. The failed elements have been removed to show generated
cracks.

Fig. 22. Comparison of shortening history of the 2024-T351 aluminum alloy projectile at V0 = 240m/s based on the JC�s and BW�s
fracture loci, respectively.
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cylinder are artificially eroded layer by layer until the impact velocity is decreased to a certain level, which
leads to a shorter final length of the cylinder (see Fig. 22). This seems unrealistic. Tests are being planned to
verify the accuracy of the above numerical simulations.
5. Concluding remarks

In this paper, the mechanisms of fracture in the Taylor test were investigated numerically on basis of the
newly developed Bao–Wierzbicki�s ductile fracture locus. Three possible fracture modes were successfully
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recreated: confined fracture inside the cylinder, petalling of the front surface, and shear cracking on the lat-
eral surface, all of which are consistent with experimental observations presented in the open literature.
Petalling would more likely take place in a more ductile projectile fired at a higher velocity while shear
cracking in a less ductile material. The effect of the type of the fracture locus was also studied by comparing
the fracture process between the cases with and without the cut-off value. It appears that the fracture locus
with the cut-off value gives more realistic results.
The initial impact velocity considered in the present paper ranges from 240m/s to 600m/s. In this sub-

ordnance range, distinct fracture macro-modes have been observed. If the impact velocity is further in-
creased, the cylinder may fail by adiabatic shear banding or fragmentation, which is beyond the scope
of the present paper.
In the present simulation, the impacted wall is assumed to be rigid. In reality, the struck body is, more or

less, deformable or breakable. Numerical simulation of interactive failure of a cylinder impact against a
deformable circular plate is under way. In addition, tests are being planned at Ernest Mach Institute in
Germany to validate the present numerical findings experimentally.
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