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Dynamic fracture of Ti-6Al1-4V alloy in Taylor impact test
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Abstract: The dynamic fracture behaviors of Ti-6Al-4V alloy at high strain rate loading were investigated systemically through
Taylor impact test, over the range of impact velocities from 145 m/s to 306 m/s. The critical impact velocity of fracture ranges from
217 m/s to 236 m/s. Smooth surfaces and ductile dimple areas were observed on the fracture surfaces. As the impact velocity reached
260 m/s, the serious melting regions were also observed on the fracture surfaces. Self-organization of cracks emerges when the
impact velocity reaches 260 m/s, while some special cracks whose “tips” are not sharp but arc and smooth, and without any evidence
of deformation or adiabatic shear band were also observed on the impact end surfaces. Examination of the sections of these special
cracks reveals that the cracks expand along the two maximum shear stress directions respectively, and finally intersect as a

tridimensional “stagger ridge” structure.
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1 Introduction

Ti-6Al-4V alloy is the most widely used titanium
alloy[1], due to its attractive specific strength, low
density, corrosion resistance and so on. The dynamic
mechanical behaviors of Ti-6Al-4V alloy on the impact
loading conditions have been widely investigated over
the past decade, and most focused on the deformation
and fracture manners of this alloy which underwent
traditional split Hopkinson bar (SHB) test or ballistic
test[2—5]. But only few authors researched fracture
phenomena and fracture mechanisms for this alloy in the
Taylor impact test which involves higher strain rate
loading condition than SHB.

In a Taylor impact test, a deformable flat-nosed
cylinder made of the investigated material is fired against
a fixed, rigid target. This test was originally used to
determine the dynamic yield stress of materials (Taylor,
1948)[6], but as large plastic deformation, high strain
rate and elevated temperature are involved, the Taylor
test is also widely used to verify or modify the material
constitutive equations[7—10]. Adiabatic shear bands

(ASBs), cracks or fragments will be generated in the
Taylor test if the specimen impacts the rigid target at a
sufficiently high impact velocity. STEVENS and
BATRA[11] found that in tungsten heavy alloy (WHA),
shear bands form near the transition between the
mushroomed region and the relatively undeformed
portion of the rod, and the initial softening rates of
materials can affect formation of shear bands[11].
COUQUE et al[12] observed shear cracks along the
maximum shear stress direction of the tungsten alloy
Taylor specimen, and found a linear dependence between
the impact velocity and the shear crack length. LIU et
al[13] found that the different behaviors of adiabatic
shear bands due to the distinct microstructures could
influence the fracture manners of Ti-6Al-4V alloy in
Taylor test. TENG et al[14] simulated the fracture
process in Taylor test and three different fracture modes,
the confined fracture inside the cylinder, the shear
cracking on the lateral surface and the petalling, were
obtained numerically.

In this work, we investigated systematically fracture
phenomena and fracture mechanisms of the Ti-6Al1-4V
alloy with bimodal microstructure by a series of Taylor
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impact tests.
2 Experimental

2.1 Material and specimens

In the current study, all specimens were made of the
conventional commercial Ti-6Al-4V alloy, whose
chemical compositions are listed in Table 1. Before
being tested, the alloys are in the bimodal (a+p) state at
room temperature after the following heat treatment
process: annealed at 950 °C for | h in the a+p region,
and cooled down in the air to room temperature. Fig.1
shows the typical metallography of the bimodal
microstructure of the alloy, consisting of the
predominant equiaxed o, whose grain size is between 20
and 50 pm, and acicular o' and transformed S matrix,
whose length is between 30 and 40 pm.

Table 1 Chemical compositions of Ti-6Al-4V alloy (mass
fraction, %)

Al v Fe C
6.15 3.95 <0.3 <0.1
N H (6] Ti
<<0.05 <0.015 <0.2 Balance

Fig.1 Optical microstructure of Ti-6Al-4V alloy before test

The cylindrical specimens (see Fig.2(a)) are 7.8 mm
in diameter and 25 mm in length, and the ratio of length
to diameter is approximate 3.2. A lathe was employed to

(a) (b)
d7.8
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cut the specimens from the alloy bars, and then the two
ends of each specimen were ground to ensure an
adequate planeness for the subsequent Taylor impact
test.

2.2 Taylor impact test

A traditional Taylor impact test device was used, as
shown in Fig.2(b). The cylinder was fired with a powder
gun against a rigid 603 Armored Steel target and a
counter was employed to get the velocity of the specimen
before impacting on the rigid target. The tests were
performed over a broad range of impact velocities, from
145 m/s to 306 m/s. After being impacted, the deformed
projectiles were all recovered; and if the specimen
fractured, the fragments split away from the cylinder
would be also recovered as more as possible.

The impact end surfaces of the recovered projectiles
were carefully examined by optical microscope (OM).
For this, the heads of the deformed specimens and the
fragments of the fractured cylinders were mounted,
polished, and then etched in a solution of 2% HF, 10%
HNO;, and 88% H,0 (volume fraction) for about 10 s
before observation. In addition, the fracture surfaces of
the fractured cylinders were also observed detailedly by
scanning electron microscope (SEM).

3 Results

3.1 Macro-morphologies of Taylor cylinders

According to the analysis of TAYLORJ[6], the
distortion of the specimen is entirely confined to the head
of the projectile, and the total plastic strain (e,) of the
portion which has yielded would be

%=ﬁ£ﬁ- (1)
Ly—L,

where Ly, L; and L, are the original length of specimen,

the residual length of specimen after impact and the final

length of the undeformed segment of the projectile,

respectively.

Velocity measurer

Taylor Prﬁjeclile‘w‘[II

25 i

Powder gun tube

Fixed rigid target

Fig.2 Shape and dimensions of cylinder specimen used for Taylor impact test (unit: mm) (a) and schematic diagram of

Taylor impact test device (b)
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Since the deceleration is assumed uniform, the
duration of impact, 7, is given by

,_20=L)
v

)

where v is the impact velocity.

So that the mean strain rate of the specimen (£ ) in
a Taylor impact test can be calculated with measurement
of the recovered deformed projectile, and the equation is
given as

& v

TR ®

In this work, the impact velocity ranges from 145
m/s to 306 m/s, and the mean rate of strain of each
specimen is calculated and listed in Table 2, ranging
from 1.17x10*s ™ t0 2.01x10%s ™",

According to the plastic deformation and fracture
characteristics, which are also listed in Table 2, the
projectiles with the increase of impact velocity can be
classified into three main stages, as shown in Fig.3.
When the impact velocity is low, ranging from 145 m/s
to 214 m/s, only plastic deformation is observed on the
head of the projectiles, which is called “only plastic
deformed stage”. As shown in Fig.3(a), in this stage,
there are several clusters of plastic flow lines observed
on the lateral surface of the projectile along the direction
of compression. Fig.4 presents the relationship between
the impact velocity (v) and the total plastic strain of the
yielded portion (g,) which is calculated by Eq.(1). It can
be seen from Fig.4 that the extent of plastic deformation

Table 2 Experimental parameters and results

of the head of specimen is approximate linear
dependence on the increase of the impact velocity in only
plastic deformed stage. As the impact velocity increases,
the alloy begins to fracture and turns into the “critical
fractured stage”. The critical impact velocity of fracture

Fig.3 Morphologies of plastic deformed and fractured
projectiles with increase of impact velocity: (a) v=198 m/s;
(b) v=224 m/s; (c) and (d) v=260 m/s; (¢) v=282 m/s;
(f) Fragment splitting away from cylinder, v=282 m/s

Specimen No.  Impact velocity, v/(m's ) L,/mm Mean rate of strain, ¢ /10%s™’ State of projectile head
T1 145 18.8 1.17 Slight plastic deformation
T2 182 18.3 1.36 Slight plastic deformation
T3 198 18.1 1.43 Plastic deformation
T4 214 18.1 1.55 Visible plastic deformation
TS 217 18.1 1.57 One cracks observed
T6 224 18.0 1.60 One cracks observed
T7 236 17.9 1.66 Two cracks observed
T8 244 17.8 1.69 Split off
T9 253 17.4 1.66 Split off

T10 260 17.6 1.76 Split off
T11 261 17.7 1.79 Split off
T12 267 17.6 1.80 Split off
T13 282 17.4 1.86 Split off
T14 306 17.4 2.01 Split off
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Fig.4 Approximate linear dependence between the impact
velocity (v) and the plastic strain of the specimen (ep) when
impact velocity being low

ranges from 217 m/s to 236 m/s. Fig.3(b) presents the
typical specimen in this stage: only one or two cracks
can be examined on the head lateral surface of the
projectile with an angle of about 45° with the impact end
surface, which is the evident characteristic of specimens
in critical fractured stage. When the impact velocity
exceeds 236 m/s, specimens fracture seriously, and the
head of all projectiles splits off. Fig.3(c) shows the
specimen loaded with the velocity in “complete fractured
stage”. The specimen presents a typical sheared fracture
surface and Fig.3(d) reveals that more than one parallel
cracks can be observed on the head lateral surface of the
projectile in this stage. As we further increase the impact

velocity to larger than 260 m/s, the fracture surface of
projectiles is rugged, and cracks also appear on the
lateral surface of the fragment splitting away from the
cylinder, as shown in Figs.3(e) and (f).

Some researchers[15—19] have noticed that, on
certain loading conditions, such as the radial collapse of
a thick-walled cylinder, the shear bands do not expand
randomly, but with a well established and characteristic
pattern, which is called “self-organization”. In the
current test, we also observed a similar phenomenon.
Fig.3(d) shows some regularly distributed cracks
emerging on the lateral surface of the projectile when the
impact velocity exceeds 236 m/s. As we further increase
the impact velocity, the distribution of cracks around the
edge of the impact end surface is also not random, but
symmetrical. Fig.5 presents the main cracks almost
expanding towards the centre of the specimens on the
impact end surface as a “self-organization” pattern. At
the same time, the higher the impact velocity achieves,
the more symmetrical the cracks distribute. The cracks
expand along the shear bands, so the regularly spaced
adiabatic shear bands result in these self-organized
cracks.

3.2 Observation of fracture surfaces

Microscopic analyses of fracture surface of the
recovered cylinders in the complete fractured stage were
carried out by SEM, as shown in Fig.6. In a relatively
low impact velocity range, the fracture surface can be
classified into two main areas, namely the “smooth and
smeared surface” and the “ductile dimple area”, which

(d) (e)

Fig.5 Distribution of cracks on impact end surface with different impact velocities: (a) v=261 m/s; (b) v=267 m/s; (c) v=282 m/s;

(d), (e), (f) Schematic diagrams of (a), (b) and (c), respectively
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Fig.6 SEM fractographs of fracture surface with relatively low impact velocities: (a) Smooth smeared surface, v=244 m/s; (b)

Smooth smeared surface, v=253 m/s; (c) Ductile dimple area, v=244 m/s; (d) Ductile dimple area, v=253 m/s; (¢) Boundary between

these two areas, v=244 m/s; (f) Boundary between these two areas, v=253 m/s

have been reported by other investigators[2, 13] (see
Figs.6(a)—(d)). The smooth and smeared surface
corresponds to the upper and center location of the
fracture surface. Meanwhile, the ductile dimple area is
on the side and nether fringe of the fracture surface and
around the smooth and smeared area. On the whole
fracture surface, the area of smooth and smeared surface
is larger than ductile dimple area, and the boundary
between these two areas is dim. In addition, as shown in
Figs.6(e) and (f), several clusters of dimples distributing
along the edges of the smooth surfaces were observed,
and in certain areas, some elongated dimples were also

observed.

Fig.7 and Fig.8 present fracture surfaces of
projectile loaded with higher impact velocities. As
shown in Fig.7, when the impact velocity exceeds 260
m/s, there appears a new area, namely the “serious
melting region”, besides the “smooth and smeared
surface” and the “ductile dimple area”. These serious
melting regions were always observed on the upper side
of the smooth and smeared surface, which indicates that
a significant melting of the original shear area material
takes place prior to shear fracture of the specimen. In
addition, in Figs.7(b) and (c), a large number of
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Fig.7 SEM micrographs of serious melting regions on fracture surface with high impact velocities: (a) v=260 m/s; (b) Amplificatory

micrograph of (a); (c) v=282 m/s; (d) v=306 m/s

“splat-like and knobbly” deposits and “splash” structures
were observed, implying pressing and rubbing caused by
mating displacement between the fragment and the
fracture surface of the specimen in the shear fracture
process, which maybe results in splashing of the melting
alloy drops along the shear fracture direction, and
Fig.7(d) reveals the trace of rubbing evidently.

Figs.8 (a) and (b) show the smooth and smeared
surfaces under a high speed impact condition. By
comparing with the instance at a relative low impact
velocity, it presents no significant changes. But as shown
in Figs.8(c) and (d), more and more dense and elongated
dimples were observed, which indicates that the tensile
stress within the shear band augments as the impact
velocity increases. In the high impact velocity range, the
boundaries between the smooth area and the ductile
dimple area become clear. Besides, Figs.8(e) and (f)
reveal that some relatively small smooth planes appear in
the ductile dimple area, even the smooth areas and the
ductile dimple areas emergence alternately in certain
areas.

As is known to all, if metal or alloy is loaded with
high strain rate, the plastic work will convert into heat in
an ultra short time and result in the adiabatic temperature
rise of the material. At the same time, inside the
adiabatic shear band, where the highly localized

deformation takes place, the temperature rises more
sharply. In the present test, the sudden temperature rise
within the ASB even exceeds over the melting point of
the Ti-6Al-4V alloy, and makes for the absolute melting
of the alloy in the main shear plane, as shown in Fig.7.
The melted alloy liquid is propelled by the shear stress
and flows on the shear plane along the direction of
maximal shear stress, ultimately forms the main smooth
and smeared surface on the center of the fracture surface
(see Figs.6(a), 6(b), 8(a) and 8(b)). Meanwhile, on
account of the tensile stresses in the tension zone
surrounding the shear zone[4, 20], the ductile dimple
areas form and distribute around the smooth and smeared
surface. When the impact velocity reaches a relatively
high speed, some small smooth planes appear in the
ductile dimple area at the boundaries between the smooth
surface and the dimple areas, as shown in Fig.8(e). Those
small smooth surfaces may be caused by rubbing
between the fragment and the fracture surface while the
fracture surfaces are still soft due to the high temperature
in the shear region[13]. On the other hand, the augment
of the tensile stress, as a result of the increase of the
impact velocity, accounts for the more elongation of the
ductile dimples and then results in the alternate
emergence of the smooth areas and the ductile dimple
areas (Fig.8(f)). In addition, as shown in Fig.9, the
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Fig.8 SEM fractographs of fracture surface with high impact velocities: (a) Smooth and smeared surface, v=282 m/s; (b) Smooth and
smeared surface, v=306 m/s; (c) Ductile dimple area, v=282 m/s; (d) Ductile dimple area, v=306 m/s; (¢) Small smooth planes in
ductile dimple area, v=282 m/s; (f) Alternate smooth areas and ductile dimple areas, v=306 m/s

mating displacement between the fragment and the
fracture surface of the specimen can also “transport”
scraps of the melted alloy from the melting regions to the
boundaries between the smooth surface and the dimple
areas, and those melted alloy scraps filling in the dimples
can also form some smooth planes on the boundaries
between the smooth surface and the dimple areas.

3.3 Adiabatic shear bands and cracks

The metallographic analyses of the impact end
surface of specimens in the “critical fractured stage” and
the “complete fractured stage” were studied by optical
microscope. Fig.10 shows the single white adiabatic
at impact velocity of 306 m/s shear band without branching off, which is observed in
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the critical fractured stage specimens. By comparing
with those formed on the SHB loading condition,
reported in Ref.[13], the shear bands formed in the
Taylor test are narrower and longer due to the more acute
shear localization deformation in Taylor impact
condition. Several dispersive voids distribute along the
shear bands, which indicates that the specimen is in the

Adiabatic shear band

initial step of fracture.

Fig.11 shows that some developed cracks and more
shear bands were observed in the complete fractured
stage specimens with increasing impact velocity. These
shear bands are longer than those in the critical fractured
stage specimens. A few dispersive voids and a series of
long and narrow small cracks distribute along the shear

Fig.10 Optical micrographs of adiabatic shear band on impact end surface of critical fractured stage specimen at impact velocity of

236 m/s

Adiabatic shear band

Void

Adiabatic shear band

Long and narrow crack

ong and narrow crack

Adiabatic shear band

Fig.11 Optical micrographs of main crack and adiabatic shear bands branching off from main crack at impact velocity of 253 m/s
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band, which imply the nucleation, growth and
coalescence of voids along adiabatic shear bands is
the major reason for the fracture of the Taylor
projectiles.

When the impact velocity reaches 260 m/s, some
interesting phenomena are noticed. Besides developed
cracks and relatively small normal cracks with shear
bands on the tip of crack, as shown in Fig.11, there are
some distinct cracks. Fig.12 presents these special cracks,
whose tips are not sharp but arc and smooth, and any
evidence of deformation or ASB are not observed in the
microstructures surrounding these tips of cracks. A more
detailed discussion about these special cracks is given in
section 4.

4 Discussion

To investigate the expansion mode of the cracks
within the specimens, the longitudinal sections of the
fragment splitting away from the projectile were also
examined systemically by optical microscope. Fig.13
shows that three sections were cut from one of the cracks
on the impact end surface of the specimen along the
“expansion direction” of the crack. On section 1, which
is far from the crack “tip”, there is a developed crack
with an adiabatic shear band in the front of it, and the
crack makes an angle of about 45° with the impact end
surface, denoted as crack 1. This crack expanded on a
shear plane (denoted as shear plane 1) along the direction
of the maximum shear stress, as reported in Refs.[12, 14],
and linked another crack with the shear band finally. On
the section 3 which is the nearest to the crack “tip”, a
similar adequately grown crack was observed. But this
crack expanded on the opposite direction against the
crack 1. According to the uniform view direction of
section 1 and section 3, it identifies that this is a new
crack, denoted as crack 2, expanding along another shear
plane (shear plane 2). There is also an adiabatic shear
band in the front of the crack 2 and some long and
narrow cracks caused by microvoids connection were
observed. On the section 2 which locates between section
1 and section 3, the junction of crack 1 and crack 2 is
presented clearly. According to the diverse extension
length of crack 1 on the section 1 and section 2, we can
make sure that the crack 1 expanded from external and
upside to inside and lower side of the specimen, at the
same time, the crack 2 expanded from internal and upper
to external and downward of the specimen verified by
the diverse extension length of crack 2 on the section 2
and section 3. The two shear planes are cuneiform and
make an angle of about 45° with the impact end surface.
Finally, these two cracks intersected and formed a
tridimensional “stagger ridge” structure. The normal

stress forms two maximum shear stresses on the opposite
direction with an angle of 90°; so the two cracks, which
expanded respectively along the shear plane 1 and the
shear plane 2, intersected even at an angle of about 90°,
as shown on section 2 in Fig.13.

The cracks on the impact end surface are actually a
cross-section and top-view of the real three-dimensional
stagger ridge structure, meantime, the view of the
sections is a series of side-view of the real
three-dimensional stagger ridge structure. So the single
crack on the impact end surface is corresponding to
the wvertical view of a roof ridge and is the
intersection line between the two shear planes practically.
Therefore, the “tip” of the crack on the impact end
surface is in fact the origination site of another crack
(such as crack 2 discussed above). We could not observe
any evidence of deformation or ASB in the
microstructures surrounding these tips of cracks (see
Fig.12) because the crack expands along the opposite
direction.

Fig.14 presents the expansion of cracks and the
forming process of the tridimensional stagger ridge
structure schematically. As shown in Fig.14(a), the
stagger ridge structure consists of two shear planes.
These two shear planes intersect at an angle of 90°, and
the intersecting sides of these two shear planes are not
coincident absolutely. Fig.14(b) shows the expanding
process of the

tridimensional “stagger ridge” structure. Firstly, two

of cracks and forming process
cracks nucleate on the two different maximum shear
stress planes (marked as shear plane 1 and shear plane 2,
respectively). Then, these two cracks expand head-on
along the maximum shear stress planes. Finally, these
two cuneiform cracks encounter and intersect as a
three-dimensional “stagger ridge” structure. And on the
impact end surface, the intersecting line looks like a
single crack. Based on the above discussion, under
certain loading conditions, some “special cracks” without
adiabatic shear band on its tip can form due to the
complicated stress state. So, we should not simply
consider that there is independent between those cracks
and adiabatic shearing, and more in-depth studies are
required.

In addition, it is recognized that the shear stress
field in the specimen during the loading process is so
complicated that there maybe exist many shear planes on
the different shear directions[14]. These shear planes
intersect each other and the cracks expand through the
specimen along these shear planes, resulting in more than
one fragments splitting away from the specimen, and
finally forming a rugged fracture surface, as shown in
Fig.3(e).
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Tip of crack

Tip of crack

(b)

Tip of crack

(c)
Fig.12 Optical micrographs of crack without any deformation or ASB surrounding tip of it: (a) v=261 m/s; (b) v=267 m/s;
(c) v=282 m/s
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View direction of sections

-<—— Loading direction

Fractured surface

Crack front

ASBNS

Fig.13 Optical micrographs of sections of crack on impact end surface at impact velocity of 260 m/s

Impact end surface

Lateral surface

(b)

Fig.14 Schematic diagrams of tridimensional “stagger ridge” structure (a), and expanding process of cracks and forming process of
tridimensional “stagger ridge” structure (b)
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5 Conclusions

1) As the impact velocity increases, the deformation
and fracture states of Taylor projectiles can be classified
into three main stages, namely only plastic deformed
stage, critical fractured stage, and complete fractured
fractured
self-organization of the cracks emerges.

stage. In the complete stage, the

2) The main smooth and smeared surfaces existing
on the fracture surface form due to the shear flow of the
melting alloy within the main shear planes, while
those relatively small smooth planes are maybe
engendered by rubbing, elongating of the ductile dimples,
and filling dimples with melted alloy scraps.

3) The cracks observed on the impact end surface
are actually the top view of the intersection line between
the two shear planes, and the “tip” of the crack is in fact
the origination site of another crack. This proves that
cracks expand along the two maximum shear stress
directions respectively, and finally intersect as a
tridimensional “stagger ridge” structure.

4) The complicated state of shear stresses results in
the intersection of many shear planes, and expansion of
cracks along these shear planes leads to more fragments
splitting away from the head of the projectile, so a

rugged fracture surface forms eventually.
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Taylor #FitEH&HET Ti-6Al-4V &£ BB 7S HT

fF LRI K B, ZERE

1 BB TR SRR, JE5t 100081;
2. b st TR 2E K P E R BN Rty Seit AR T N Rr A s iG %, dbst 100081

¥ Z. @il Taylor #F #i i L 5 <ﬁﬂ:n&f‘«ulﬂw 145-306 m/s) 5T Ti-6A1-4V & 478 15 N AZ R
WA PSS WIRAT R . HFFUR: Aﬁﬁ@ll SRR R 217-236 m/s; 4FEE A T I OK A 260 m/s
W, BRI BR P T X e X AN, AR R R A X, R S A i R G R A
HAURRAE s 1 RE i o o TET 2L AT 900K Sk R RR Bk R AL, B R 7R G0 o Rk I AR TB A 2R I 46 BT D) AT
RRFE MR R T ARG YT, WRERENITMEZ. ¥ 8, FREHTTE K
ZYERT R IR
KA Ti-6A1-4V &4 ZIERMRAT AN LAY Taylor F i ili 5556
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