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a b s t r a c t

Experiment was carried out to reveal the plastic deformation of pre-elastic-stretched titanium alloy

strip partially subjected to localized heating via Laser beam irradiation. The temperature profile in the

strip under Laser beam irradiation was computed with finite element method. The strain redistribution

and localized plastic deformation were analyzed by a one-dimensional model. The results indicate that

both the pre-strain level and the ratio of the length of heated range to the total effective length of the

strip influence obviously the final plastic strain.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Temperature elevation could improve the ductility of most
materials by decreasing the resistance to dislocation sliding etc.
Therefore many manufacturing processes adopted heating in
metallic alloy plate forming [1–3]. Attracted by the advantages
of Laser as a heating source, many investigations have been
conducted on the forming mechanism by pure laser heating
[4,5]. In these processes, the thermal loadings are commonly
exerted on the work pieces no latter than the mechanical loadings
or even without the mechanical loadings. A new process techni-
que of Laser aided pre-stressed forming was reported to be
successfully applied to sheet forming, in which the plastic
deformation is developed in a pre-elastic-bended panel by Laser
beam heating [6]. In such a process, the non-uniform heating is
used to induce plastic deformation in these discrete small regions
of the pre-elastic-stretched panel skin. This technique may make
full use of the controllability of the heating source to obtain
plastic deformation at specific regions [7]. Although the mechan-
ism on the plastic deformation under the thermo-mechanical
circumstance need more detailed description.

Actually, a great many of pre-stressed structures may practice
non-uniform temperature elevation due to external localized
heating [8,9]. In a structure subjected to tensile stress high
enough, the plastic strain will be developed and concentrated
ll rights reserved.
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on some region wherein the material weakening arises due to the
defects or other disturbances, which will in turn enhance the
material weakening. The plastic deformation concentration of the
materials under pure mechanical loading was extensively dis-
cussed by many literatures. For instance, Doghri and Billardon
[10] investigated the localized plastic deformation for rate-inde-
pendent plasticity, Haddag et al. [11] set up a large deformation
anisotropic elastic–plastic model to describe the plastic strain
concentration, Kobayashi [12] analyzed this phenomenon via a
proposed theory of ultrasonic wave velocity, Bychkov and Kar-
pinskii [13] studied the localized plastic behavior in a thermo-
viscoplastic rod in dynamic tension by the methods of linear
perturbation analysis. Considering that fact that temperature
elevation is also a kind of disturbance, the plastic strain concen-
tration of the structure subjected to both thermal and mechanical
loadings also attracted many interests. In particular, Elfmark [14]
revealed that plastic instability shall develop in a hot tensile test
specimen, in which the specimen was assumed to be evenly
heated. Bychkov and Karpinskii [15,16] investigated the plastic
deformation concentration phenomena in a tensioned thermo-
viscoplastic rod heated by an electric current and found out that
the action of the joule heat developed by the alternating electric
current influenced obviously the plastic behavior in the rod.
Fressengeas and Molinari [17] studied the effects of thermal
softening on ductility of the material with a one-dimensional
model for uniaxial tension and described the dynamic growth of
the voids and the adiabatic decrease of ductility. Benallal and
Bigoni [18] investigated the influences of temperature elevation
due to thermo-mechanical coupling effect on the plasticity
of some inelastic material. Basically, these researches mainly
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focused on the plastic deformation behavior in the rod subjected
to uniform heating or under the action of the heat converted from
the strain energy due to thermo-mechanical coupling effect.

This work is focused on such a problem to describe the plastic
deformation of pre-elastic-stretched titanium alloy strip subjected
to Laser heating. First, the experiment was carried out to verify the
plastic deformation arising in a pre-elastic-stretched strip sample
subjected to local heating via Laser irradiation. Then, the tempera-
ture characteristic was analyzed numerically. Finally, the strain re-
distribution behavior was discussed by a one-dimensional model
and the effects of the various parameters on the strain re-
distribution and final plastic strain were investigated.
2. Experiments

The equipments as shown in Fig. 1(a) were used to stretch the
strip and locally heat the strip. The Nd-YAG Laser was adopted to
partially irradiate the sample to realize the non-uniform tem-
perature elevation, of which the effective power is about 48 W
evenly distributed over the circular region of radius 3 mm. The
initial strain was controlled to be low enough to ensure that no
plastic strain arises in the pre-elastic-stretched sample.

The geometry of the specimen is shown in Fig. 1(b), of which the
thermo-mechanical parameters are listed in Table 1 by referencing to
the available database and literatures [19,20]. In Fig. 1(b), the test
points CH1 and CH2 are located on the back side of the specimen
relative to the irradiated surface. The virtual test point CH3 represents
Fig. 1. (a) Photo of the experimental equipment and (b) sketch of the specimen.

Table 1
Temperature dependent mechanical properties.

T (1C) 25 93 20

a (�10�6 K�1) 4.90 5.0

E (GPa) 110 105 9

ss (MPa) 916 827 69

es (�10�3) 8.33 7.88

ET (GPa) 35.5 30.2 3

n 0.3475 0.3515
the center of the irradiated region, for which the temperature history
will be investigated only by numerical simulation.

The experiment mainly includes such three stages. That is:

1st step: Stretch the sample to some level of elastic deforma-
tion and keep that elastic deformation;
2nd step: heat the segment of little length to some tempera-
ture level and then remove the heating via shutting down
the laser;
3rd step: Unload the mechanical stretch after the sample is
cooled to be identical to the ambient.

Fig. 2 presents the temperature histories of the test points CH1
and CH2, which shows that the temperature at the point CH2
changes very slightly throughout the test. This means that only
the heat conduction within the central strip of length about
50 mm needs to be considered in the computation to obtain
accurate enough theoretical description of the temperature pro-
file in the specimen.

The front view of the final deformation of the sample is shown
in Fig. 3, which indicates an obvious necking around the center of
the heated region.

The side view profile of the necked region is magnified shown
in Fig. 4(a), in which one can see that the plastic strain concen-
trates around the center of the heated segment. Further, it is
indicated that there exists a trapezoid plastic deformation zone
with the bottom base of length 4.3 mm being located at the
heated side of the specimen while the top base of length 2.3 mm
at the other side. Moreover, the macroscopic defects already can
be found at the unheated side. In detail, voids arise around the
unheated side of the sample within the necked region as shown in
Fig. 4(b). Such characteristic of the distribution of deformation
5 315 427 538
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Fig. 3. Global profile of the processed specimens.

Fig. 2. Temperature histories of the test points CH1 and CH2.



Fig. 4. (a) Necked morphology and (b) defects arising in the necking region.
Fig. 5. Micro-structures of (a) tested and (b) origin materials.
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and defects also show partly that the elevated temperature will
enhance the ductility of the material to some extent.
Fig. 5(a) provides the micro-structures of the material within
the strain localized zone, which indicates some martensites
resulted from the phase transformation under the action of stress
and heating. In comparison, the initial state of the rolled Ti6Al4V
alloy is shown in Fig. 5(b), which is composed of a and b phases.

It is noteworthy that Nemat-Nasser et al. [21] studied the
dynamic responses of pre-heated Ti6Al4V alloys and found that
the flow stress is very sensitive to the temperature of the material,
which can partly explain the plastic concentration in the present
experiments. That is, the local temperature elevation decreases the
yield stress of the material therein and leads to the plastic strain.
Moreover, the stiffness will also be reduced with increasing the
temperature, which will increase the strain therein through redis-
tributing the stain field within the specimen. In effect, such strain
redistribution will further enhance the deformation concentration.
Fig. 6. Finite element model of the quarter geometry.
3. Numerical computation of the temperature

To describe the temperature pattern of the strip subjected to
localized heating, a finite element model as shown in Fig. 6 was
set p. Considering the fact that the temperature at the position
around the oblique shoulder of the specimen is nearly same as the
ambient temperature, only the effective strip is modeled. Further-
more, the quarter model is adopted in the computation because of
the symmetries of the sample and the loadings. Four paths for
mapping the results are denoted in Fig. 6, where the paths p_top
on the top surface and p_bottom on the bottom surface are along
the length direction, while the paths p_hori and p_vert are along
the width direction and depth direction, respectively.
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The heat conduction equation within the sample is
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, ð1Þ

with the thermal boundary condition at the region irradiated by
Laser beam on surface z¼0 is

�k
@T

@n
¼ q, ð2Þ

the symmetric boundary conditions at the surfaces y¼0 and x¼0
are

k
@T

@n
¼ 0, ð3Þ

and the thermal boundary condition at the other surface regions
of the sample is

k
@T

@n
¼ hðTe�TÞ ð4Þ

where T represents temperature of the materials, r (¼4470 kg/
m3) is the density of the material, q (¼1.70 MW/m2) the heat flux
exerted on the irradiated circular region of radius 3 mm, h

(¼25 W/m2
1C) the heat transfer coefficient between the solid

surface and the cooling liquid, Te (¼25 1C) ambient temperature
Fig. 7. Temperature dependent physical properties.

Fig. 8. (a) Temperature histories for points CH2 and CH3 and (b) temperature

contour at t¼3 s.
and n represents the normal to the surface. The heat capacity c

and thermal conductivity k of the material are plotted in Fig. 7.
After solving the heat conduction Eq. (1) with boundary

conditions (2), (3) and (4), the temperature histories of the two
test points CH2 and CH3 are graphed in Fig. 8(a), for which the
loci are displayed in Fig. 1(b). The temperature contour of the
strip at the instant when time t¼3 s is shown in Fig. 8(b), which
shows that the temperature elevation is largely concentrated
around the heated region.

For comparison, the computational and experimental tem-
perature histories of the test point CH2 are plotted in Fig. 9, which
shows that the theoretical results are almost in accordance to
the experimental results with only a little bit difference in the
temperature elevating stage. Such difference may be due to the
presumed constant absorption coefficient of the Laser beam
radiation used in computation for the sample material, which is
actually temperature dependent.

The spatial distributions of the temperature in the strip are
shown in Figs. 10, 11 and 12. Fig. 10 shows the length direction
Fig. 9. Computational and experimental results of temperature for point CH2.

Fig. 10. Temperature profile along the length-oriented path at t¼3 s.

Fig. 11. Temperature profile along the width-oriented path at t¼3 s.



Fig. 12. Temperature profile through the thickness at t¼3 s.

Fig. 13. Sketch of the deformation of the strip.
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distribution of the temperature, in which the curves titled by
T_top and T_bottom represent the temperature distribution along
the paths at the top surface radiated by the Laser beam and the
bottom surface, respectively. It is indicated in Fig. 10 that the high
temperature elevation is largely concentrated on the heated
segment as confined by the dashed lines. Figs. 11 and 12 show
the width direction and depth direction distributions of the
temperature, respectively. One can see in Figs. 11 and 12 that
the temperature is almost uniform along the width or depth
direction.
4. Theoretical formulation of the deformation

As a preliminary study, the plastic deformation induced by
localized temperature elevation in a pre-stressed strip is investi-
gated with the one dimensional model as shown in Fig. 13, in
which the total length of the strip under consideration is (lþd).
Here, d represents the heated segment length and l the unheated
segment length. The elastic modulus and Poisson’s ratio of the
material at ambient temperature T0 are denoted by E0 and n0,
respectively. Initially, the strip is uniformly stretched to the state
of axial strain e0, which is assured to be lower than the yield
strain of the material e0s at ambient temperature.

When the elastically stretched strip is heated to a state of non-
uniform temperature distribution as shown in Fig. 13(b), the
strain shall be redistributed throughout the specimen due to the
softening and expanding of the materials in the heated region.
The deformation along X-direction of the infinitesimal segment as
shown in Fig. 13(c) can be written as

ðeðxÞþaðTðxÞ�T0ÞÞdx, ð5Þ
From the condition of constrained total displacement, we have
the geometrical equation
Z lþd

0
ðeðxÞþaðTðxÞ�T0ÞÞdx¼Dl ð6Þ

The total axial deformation of the strip is

Dl¼ e0ðlþdÞ ¼ e0lð1þrdlÞ, ð7Þ

with

rdl ¼ d=l ð8Þ

It is assumed that the segment of length 2d is uniformly
heated up to T1.

Denote Young’s modulus and Poisson’s ratio of the material for
temperature T1 as E1 and n1, respectively. Besides, the relationship
between the yield stress ss1 and yield strain es1 can be written
approximately as

ss1 ¼ E1es1 ð9Þ

at certain elevated temperature condition if the effect of the
triaxial stresses is ignored for simplicity. The bi-linear isotropic
hardening modeling is assumed for the material the tangent
modulus of the material is denoted as ET1.

Let the average strain of the heated segment be e1and that of
the unchanged part be e2, by considering the fact that both sides
of the strip are fixed after being stretched, one can get quickly the
following geometry equation

Dl¼ ðrdle1þrdlaDTþe2Þl, ð10Þ

where a is the thermal expansion coefficient and

DT ¼ T1�T0 ð11Þ

At the same time, the tension equilibrium across the interface
between the heated segment and the unchanged segment
requires that

s1ð1�e1n1Þ
2
ð1þaDTÞ2 ¼ s2ð1�e2n0Þ

2
ð12Þ

If the items of higher orders are ignored, the Eq. (12) will
reduce to

s1 � s2 ð13Þ

For a while, one can assume ideal elastic behavior for both the
heated region and unheated region, then (13) can be expressed as

E1e1 � E0e2 ð14Þ

Combining the Eqs. (7), (10) and (14), one can get

e1 � ðe0ð1þrdlÞ�rdlaDTÞ=ðrdlþðE1=E0ÞÞ ð15Þ

Now, we can justify whether the assumption of ideal elastic
behavior is matched by comparing the magnitude of e1 to the
yield strain of the materials at that temperature, i.e. es1. That is, if

e1res1, ð16Þ

then the full strain of the heated segment is already obtained as
(15), which means no plastic strain arises. Or else, if

e14es1, ð17Þ

Then the equilibrium Eq. (14) should be extended as

es1E1þðe1�es1ÞET1 � e2E0 ð18Þ

Thus, combining the Eqs. (7), (10) and (18), one can get

e1 � ðe0ð1þrdlÞ�rdlaDT�es1ðE1=E0Þð1�ET1=E1ÞÞ=ðrdlþðET1=E0ÞÞ

ð19Þ

And the plastic strain, e1p of the heated segment can be
obtained quickly as

e1p ¼ ðe1�es1Þð1�ET1=E1Þ, ð20Þ
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which can be written in detail as

e1p � ðe0ð1þrdlÞ�rdlaDT�es1ðE1=E0þrdlÞÞð1�ET1=E1Þ=ðrdlþET1=E0Þ

ð21Þ

Again, from the inequality (16), we can get the condition under
that no plastic deformation will arise in the strip, that is

e0ð1þrdlÞrrdlaDTþes1ðrdlþðE1=E0ÞÞ ð22Þ

Of course, the condition inequality (22) can also be derived
from (21) by letting the item in the first bracket not greater
than zero.

Further, the condition inequality (22) can be written as

rdlðe0�aDT�es1Þr ðes1ðE1=E0Þ�e0Þ ð23Þ

Which means there should be several cases to be categorized
as follows.

e0res1ðE1=E0Þ, ð24Þ

which means that the (23) is definitely satisfied as considering
the fact that E1rE0due to thermal softening of the common
material. Thus, there exists a maximum for the initial elastic
Fig. 14. Total strain of the heated segment versus different elevated tempera
strain to ensure no plastic deformation will be developed by the
subsequent heating.

es1ðE1=E0Þre0rðaDTþes1Þ, ð25Þ

under which plastic deformation will arise after being locally
heated if

rdloðes1ðE1=E0Þ�e0Þ=ðe0�aDT�es1Þ ð26Þ

aDTþes1Þre0, ð27Þ

which means that the (23) is definitely not satisfied. Therefore,
plastic deformation will arise no matter how large is the magni-
tude of rdl.

To take an example, the strain of the titanium alloy strip of the
thermo-physical parameters as listed in Table 1 can be computed
by (15), (19) and (21). The total effective length of the studied
sample is 25 mm, for which the results for different heat segment
lengths, different initial strain levels and different elevated
temperatures are discussed as shown in Fig. 14(a)–(d) and
Fig. 15. In these figures, the symbol rdl represents the parameter
ture for the cases of pre-strain (a) 2e–3, (b) 4e–3, (c) 6e–3 and (d) 8e–3.



Fig. 15. Maximum plastic strain of the heated segment versus different elevated

temperature.
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rdl¼d/l, es1represents the temperature dependent yield strain of
the materials and e0 is the initial elastic strain of the strip.

By comparing Fig. 14(a)–(d), one can find that the total strain
of the heated segment increases with increasing the initial elastic
strain of the sample. In particular, the total strain of the heated
segment will never exceed the yield strain even the elevated
temperature is 538 1C if the initial strain is 2e–3 as shown in
Fig. 14(a), which means no plastic strain will be developed. Further-
more, it is indicated that the total strain of the heated segment
increases quickly with decreasing the ratio of the heated segment
length to that of the whole effective length of the strip. It seems like
that the total strain of the heated segment will be always greater than
the initial strain if the heated segment is short enough.

The maximum plastic strain magnitudes of the strip heated up
to about 538 1C for the cases of different combinations of initial
strain and heated length are shown in Fig. 15. It is indicated again
that decreasing the heated length or increasing the initial strain
will increase the maximum plastic strain. Moreover, no plastic
strain appears if the initial strain is 2e–3 or smaller.

It can be understood easily that once the plastic strain
approaches to some critical value, damage will be developed
extensively and the deformation stability will be disturbed. The
instability of the plastic deformation will lead to the necking of
the strip ultimately, which was validated by the experimental
results aforementioned.
5. Conclusions

Experimental results reveal that the non-uniform temperature
elevation will re-distribute the strain in the as-stretched strip and
strain will largely concentrate on the heated region due to the
thermal softening of the material therein.

Theoretical results further reveal that the magnitude of the
final plastic strain depends largely on the initial elastic strain. In
detail, if an initially elastically stretched strip is partially heated
up to elevated temperature T1, under which the elastic modulus
and yield strain are E1 and es1, respectively, then there exist three
typical cases as follows.
(1)
 No plastic strain will arise in the pre-elastic-stretched strip if
the initial elastic strain is less than the lower limit, i.e.,
e0res1(E1/E0);
(2)
 Plastic strain will definitely arise if the initial elastic strain is
greater than the upper limit, i.e., (aDTþes1)re0;
(3)
 Plastic strain will arise when the length of the heated segment
is small enough, i.e., rdlo(es1(E1/E0)�e0)/(e0�aDT�es1), if the
initial elastic strain falls into the range between the lower and
upper limits, i.e., es1(E1/E0)re0r(aDTþes1). Moreover, the
plastic strain magnitude of the heated segment will increase
with increasing the initial elastic strain or decreasing the
length of the heated segment.
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