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Localized shear deformation during shear band propagation in
titanium considering interactions among microstructures
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Abstract: Closedform analytical solutions of plastic shear strain and relative plastic shear displacement during shear band
propagation are proposed under dynamic loadings based on gradient dependent plasticity considering the effect of mr
crostructures due to heterogeneous texture of Ti. According to the differences in shear stress levels, Tispecimen is divided
into three regions: residual region, straimsoftening region and elastic region. Well developed shear band is formed in the
residual region and the relative plastic shear displacement no longer increases. In the normal and tangential directions, the
plastic strain and the displacement are nonuniform in the strair softening region. At the tip of shear band, the shear stress
acting on the band is increased to shear strength from the elastic state and the shear localization just occurs. Prior to the
tip, Tiremains elastic. At higher strain rates, the extent of plastic strain concentration is greater than that under static
loading. Higher strain rate increases the relative plastic shear displacement. The present analytical solution for evolution or
propagation of shear localization under nonuniform shear stress can better reproduce the observed localized characteristics
for many kinds of ductile metals.
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1 INTRODUCTION

It is well known that the high specific strength
and fracture resistance make titanium and titanium al-
loys very attractive to aerospace applications. Shear
localization is an important and often the dominating
deformation and failure mechanism in titanium and ti-
tanium alloys subjected to dynamic loadings!'™".
Prior to the onset of shear localization, the deforma-
tion can be approximately considered to be uniform.
Once the shear localization is initiated, the intensely
localized shear deformation is accumulated progres-
sively in narrow bands called shear bands or localized
bands. The eventual outcome of localized deformation
is ductile rupture and material separation. Shear lo-
calization occurs and plays an important role in many
applications. For example, shear bands can be ob-
served in ballistic impact, explosive fragmentation,
high speed machining, metal forming, grinding, in-
terfacial friction, powder compaction, granular flow,
and seismic events. It is noted that many experimen-
tal results show that after shear localization occurs,
shear deformation gradually develops with a certain
[1-1

velocity of propagation'' ", That is to say, in many

tests the plastic shear strain in shear band varies along
the shear direction.

To predict the characteristics of shear localization
observed in many tests, such as the strain, the dis-
placement, the thickness and the spacing as well as
the propagation velocity, and to obtain a full under
standing of failure mechanism, numerical simulation
and theoretical analysis must be carried out. Unfortu-
nately, the numerical results obtained based on classi
cal elastoplastic theory inevitably suffer spurious mesh
sensitivity.

Motivated mainly by difficulties of classical e
lastoplastic theory describing localized characteristics
of heterogeneous materials, some modifications and
generalization from the standard continuum descrip-
tion, so-called regularizations, have been proposed
during the recent years. One of the most promising
approaches is the second order gradient continuum
that incorporates the second order spatial gradient of
plastic strain in the yield function! ">

In gradient-dependent plasticity, the strain gra-
dient term including the second strain gradient and
the characteristic length describes the interactions and
interplaying among microstructures. Microstructures
are of very importance for Ti and Ti alloys and have

@®  Foundation item: Project(50309004) supported by the National Natural Science Foundation of China

Received date: 2003 =07 ~ 09; Accepted date: 2003 ~ 11 ~ 13

Correspondence: WANG Xue bin, PhD; E-mail: wxbbb@ 263. net



* 336 °

Trans. Nonferrous Met. Soc. China

been studied extensively in experiments' > > |

In the paper, firstly, in the context of classical
elastoplastic theory a yield function considering strain
rate effect is obtained. Secondly, the strain gradient
effect is introduced into the classical yield function to
consider the heterogeneous texture of Ti. Next, the
problem of shear band propagation is regarded as a
one-dimensional dynamic shear problem in the shear
ing direction, and the distributed plastic strain and
the thickness of the band are derived. Integrating the
plastic shear strain leads to the plastic shear displace-
ment. At last, some new conclusions are drawn.

2 SHEAR BAND PROPAGATION CONSIDERING
STRAIN RATE

2.1 Basic assumptions and classical elastoplastic
theory

The mechanical model for dynamic propagation
of shear band is given in Fig. 1. Ti block with a cer
tain height and length is loaded in horizontal shear
stress U(x) and vertical compressive stress 0. Fig. 1
shows that the shear stress is different in three re-
gions, 1. e. residual region, strain-softening region
and elastic region. A horizontal shear band is firstly
formed at the tail of shear band and propagates to-
wards right. The total length of the shear band is L
+ Lo and the thickness of the band is w. L is the
length of residual region of shear band, and L, is the
length of straimsoftening region of shear band. At
the tip of the shear band, the shear stress equals shear
strength T., and prior to the tip, the shear stress is
less than T.. For simplicity, the lower end of the
block is fixed. An important outcome of shear local-
ization is the decrease of the stress-carrying capability
of the block, so it can be supposed that localization is
initiated at the peak stress, and for simplicity the
shear deformation only occurs in the horizontal direc
tion. Some experimental results show that the post
peak behavior of Ti or Ti alloys under dynamic load-
ings exhibits approximately linear strairrsoftening' %,
so the constitutive relation for Ti in strain-softening
stage can be considered as a descending straight line
whose absolute value of the slope is A called shear
softening modulus. In the residual stage the constitu-
tive relation can be considered to be a horizontal line
due to the existence of the constant compressive
stress. The intercept T of the line depends on the
confining pressure 0. The post-peak static constitu-
tive relation for T1i is shown in Fig. 2.

In the context of one-dimensional conventional e-
lastoplastic theory for strairrsoftening material loaded
or unloaded elastically according to shear elastic mod-
ulus G, under static loading, the flow shear stress T
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Fig. 2 Comparison of dynamic and static
post-peak constitutive relation

(x) depends on shear strength T, A G, and the

accumulated plastic shear strain ¥:

)= T

coa= - (1)

2.2 Effect of strain rate
To consider strain rate effect, introducing a

function f into the classical elastoplastic theory

yields!*®!

Hx)=(Tem c¥)°f (2)
where f= 1+ ClnY/ Yy, f >1, C is a material
constant, Y is the average shear strain rate and Yp is
the average shear strain rate under quasrstatic loading
conditions. For simplicity, let Tz fT. and ¢ = fe.
The dynamic post-peak constitutive relation between
shear stress and plastic shear strain is also shown in
Fig. 2. It can be seen that the higher strain rate re-
sults in steeper post-peak branch and higher shear
strength.

2.3 Localized strain and deformation in shear band
due to heterogeneity

To investigate the shear strain gradient effect in

the context of conventional elastoplastic theory, the
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follow ing expression can be obtained according to usu-
al method of introducing the strain gradient into the

yield function! 2

5
Wx)= T S Waoy)e 12
(3)

Suppose that the shear band has a width w after
localization is initiated. At the boundary of elastic
zone and plastic zone, the boundary condition is

Y(x,y)=0at y= Tw/2 (4)

The plastic shear strain in shear band is an even
function of coordinate y. Application of Eqn. (4) re-
sults in the following equation:

T T

Y(x,y)= _GTLLLI 1- cos%/cosi% (5)

The thickness of shear band is determined ac
cording to the maximum plastic shear strain:

So, the shear band thickness can be obtained
analytically:

w= 2T} (7)

Substituting Eqn. (7) into Eqn. (5) leads to

¥(x,y)= L‘—fml 1+ cosﬂ (8)

where x €[ Ly, L+ L,].

In the residual region, T(x) equals T. Accord-
ing to Eqn. (8), the plastic shear strain in shear band
can be written as

T- T
— 1

Vi(x,y)="7
where x €0, Li].

Integrating Eqn. (8) with respect to coordinate

1+ cos 4L‘ = Y (y) (9)

y yields
To Tx)
sP(x,y)= | Ydy = o y+ lsinglL
(10)

where sP(x, y) is the relative plastic shear displace-
ment in strain-softening region.
If T(x) equals T, then the maximum relative

plastic shear displacement can be expressed as

T T
—=—= == sh(y)  (11)

st(x,y)= S vt Isin ]
(y) is the relative plastic shear displace

where sP

ment in residual region.
3 EXAMPLES AND DISCUSSION

3.1 Localized shear strain and deformation in
shear band propagation

Shear modulus of Ti and those of most T1i alloys
are about 45 GPa, so we take shear modulus
G= 45 GPa. Shear strength of Ti is about T.= 280
MPa( T.= 0./2, where O.is the yield stress in uniaxi-
al tensile loading'"'). The experimentally obtained
shear band thickness in T1i is about 10 =20 Um!" 3!

hence we let the thickness of shear band w = 10 Hm.
The characteristic length describing the extent of het-
erogeneity of Ti is about /= 1. 59 Pm according to
Eqn. (7). It is assumed that the shear softening mod-
ulus Aindicating the ductility is 0. 45 GPa; the resid-
ual shear strength depending on confining pressure is
T= 140 MPa; the parameter reflecting the effect of
strain rate are f = 1; in addition, L= 0, and L,=

11 Bm.

A three dimensional surface plot for distribution
of plastic shear strain is shown in Fig. 3. In strain
softening region the extent of concentration of plastic
shear strain in shear band is different along the shear
ing direction. At the tip of shear band where the
maximum shear stress is just reached, the plastic
shear strain is zero and the shear localization just oc-
curs. Conversely, at the tail of shear band in which
the minimum shear stress is attained, the plastic
shear strain reaches its maximum, and intense shear
localization in the narrow band occurs with a plastic
shear strain of 0. 6.

For the wellFdeveloped shear bands, a wider dis-
tribution of strains(0.3 ~ 0. 9) is observed . If the
pre-peak uniform plastic shear strain is 0. 3, the post-
peak maximum local plastic shear strain due to inter-
actions and interplaying among microstructures is
0. 6, which is consistent with the present calculation.
It should be noted that for AFLi alloy, the plastic
shear strain of 8 can be attained in the narrow shear
bands' .
ization of AFLi alloy, localized deformation of Ti is

Consequently, compared with shear local-

less apparent.

Fig. 3 Distribution of plastic shear strain in
strairr softening region

It can be seen from Fig. 4 that the distribution of
the relative plastic shear displacement along the
shearing direction is also nonuniform for L= 2 Hm
and Lo= 12 Bm. It is noted that the figure depicts
the evolution of displacement in all three regions and



. 338 - Trans. Nonferrous Met. Soc. China Apr. 2004
Residual region Elastic K0 (a)
7 . Strain-softening region region 4
t(x ! i =
5 M- ) 0.8 2
N ,—-Ec'\ £ 06t
e e - ™ . é
Ay A 04t
@E 1 _T( X"
i
= x
= 0.2 3
~ wl -
O 1 1 i
3t -5.0 =25 0 2.5 5.0
y10"6m
._S L | 5} T | 1 i 1 L 5
2 0 2 4 6 8 10 12 14 16 (b)
-6,
x/107%m 3t
Fig. 4 Distribution of plastic shear displacement
and shear stress in three different regions g 1f
h
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the levels of shear stress for three different regions S
(dashed line) . In the residual region, welldeveloped =
. ; . . = $
shear band is formed, whereas in the elastic region 3t
the plastic shear displacement due to heterogeneity is
zero. It can be predicted that in the process of shear _ tlx=Ly)
band propagation from left to right the elastic region -4 -2 0 2 4

will be covered by the strain-softening region and fi-
nally will become the residual region, leading to a
great decrease of load-carrying capacity and final
macroscopic shear fracture.

Though the present analytical solution for evolu-
tion and propagation of shear localization under
nonuniform shear stress aims at Ti, it can better re-
produce the observed localized characteristics of defor
mation for many kinds of ductile metal materials un-
der dynamic or static loading.

3.2 Effect of strain rate on plastic shear strain and
shear displacement

To investigate the influence of strain rate on the
distribution of plastic shear strain and plastic shear
displacement at the tail of shear band (x = L), let
G= 45 GPa, T.= 280 MPa, w= 10 Pm, A= 0.45
GPa and T= Ti= 140 MPa, and the results for differ
ent parameter / are shown in Fig. 5. The larger the
value of the parameter, the higher the strain rate is.
It can be seen from the figure that increasing strain
rate leads to steeper profile of plastic shear strain and
larger plastic shear displacement.

It should be noted that simplifying the present
theoretical analysis by neglecting the strain rate effect
and not considering the differences of shear stress act-
ing on the shear band yields the earlier results for
static shear localization under uniform shear loading in
Ref.[ 18]. The thermal softening at high strain rates
is ignored completely in the present analysis. The fac
tor will be considered in the further investigation.

SP(Ly, Y1076 m

Fig.5 Effect of strain rate on distribution of

plastic shear strain(a) and plastic shear
displacement(b) at tail of shear band

4 CONCLUSIONS

Shear deformation of Ti in the direction of shear
stress can be divided into three different regions:
residual region, strairrsoftening region and elastic re-
gion. In the residual region the welkFdeveloped shear
band is formed and the relative plastic shear displace-
ment no longer increases. In the process of shear band
propagation the length of the region will be increased
and can cover the other two regions. In strain-soften-
ing region, it is found that the plastic shear strain and
the plastic shear displacement are nonuniform both in
the normal and tangential directions. At the tip of the
shear band, the shear stress acting on the band is in-
creased to shear strength from the elastic stage and
shear localization just occurs. Prior to the tip of shear
band, T1i remains elastic.

At high strain rates and under the same level of
shear stress, the extent of plastic shear strain concen-
tration is higher than that under static loading and the

relative plastic shear displacement is increased as
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strain rate is increased.

[ 14]
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