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Abstract – The occurrence of size effects in microforming process may result in nonhomogeneous material charac-
teristics. Heat assisted microforming is an effective approach to reduce the influence of size effects. To improve the
heating rate, resistance heating method is introduced to the microforming process. To investigate the size effect of
heat on material deformation for thin foils in microforming, uniaxial tensile tests were performed for the foils with
different grain sizes at different temperatures by tensile testing system incorporating with resistance heating method.
The results show that the reduction of the stress at elevated temperatures compared to room temperature is higher for
the foils with larger grain size than that for the foils with smaller grain size. The fracture strain decreases with increas-
ing temperature when the temperature is below 300 �C, and then increases as the temperature increases when the
temperature is above 300 �C. In addition, the work hardening behavior of the material is independent of the grain
size. As temperature increases, the work hardening increases.
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1. Introduction

Microforming has been received much attention in the
recent decades due to the wide use of microparts in electronics
and biomedical devices. However, the occurrence of size
effect [1] in microforming may result in nonhomogeneous
material flow and the scattering of the process parameters.
One possibility to obtain homogenous material flow is to per-
form the process at elevated temperatures [2]. To improve the
heating rate, resistance-heating-assisted microforming systems
were developed by the authors [3, 4]. These systems have the
advantages on improving material formability and reducing
forming load with small amount of energy. By using these sys-
tems, different kinds of microforming processes, such as micro
deep drawing and micro bending were conducted at elevated
temperatures. However, the design of resistance-heating-
assisted microforming process is still with difficulty since the
size effect of heat on material deformation for metal foils in
microforming is not clarified clearly yet.

In this study, to investigate the size effect of heat on mate-
rial deformation in micro sheet forming, uniaxial tensile tests
are conducted for thin foils with different grain sizes at differ-
ent temperatures by resistance heating method. The effect of

heat on the tensile properties for the foils with different grain
sizes is discussed.

2. Experimental procedure

Pure titanium (Ti) (JIS TR270C-H) with a thickness of
0.05 mm were used in this study due to the widely use of pure
Ti and its alloy in medical applications. The tensile specimens
were first cut by machining along rolling direction. As shown
in Figure 1, the gauge length of the specimen is 16 mm while
the width of the gauge is 4 mm according to the standard
DIN 50125. Then all specimens were polished to remove major
burrs to prevent fractures at undesired locations of the
specimen. Finally, the specimens were annealed at an isother-
mal temperature of 650 �C under a controlled atmosphere
of argon gas. During annealing, the temperature was
increased to 650 �C in 20 min and kept for 10 min, 30 min,
and 60 min to obtain different grain sizes. The average grain
size (d ) of the annealed specimens is about 14.7, 24.5, and
42.4 lm, for annealing time of 10, 30, and 60 min,
respectively.

Uniaxial tensile tests were performed at temperatures of
25, 160, 300, and 450 �C by using the tensile testing system
incorporating resistance heating method [5]. The strain rate
is 10�3/s. The tensile tests were conducted three times at each
condition for the accuracy and repeatability.*Corresponding author: zheng-qiu@hotmail.com

Manufacturing Rev. 2015, 2, 3
� Q. Zheng et al., Published by EDP Sciences, 2015
DOI: 10.1051/mfreview/2015005

Available online at:
http://mfr.edp-open.org

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

OPEN ACCESSRESEARCH ARTICLE

http://www.edpsciences.org/
http://dx.doi.org/10.1051/mfreview/2015005
http://mfr.edp-open.org
http://mfr.edp-open.org
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


3. Results and discussion

3.1. Tensile properties of pure Ti foils with different
grain sizes

3.1.1. Flow stress

Figure 2 shows the true stress-true strain curves of thin
pure Ti foils with different grain sizes at different temperatures.
The flow stress decreases with increasing temperature as
expected. Due to the decrease in the strength of the material

after annealing process, the flow stress decreases with increas-
ing grain size at the same tensile temperature [6]. At the
temperature of 300 �C or lower, the material deformation is
mainly consisted of two stages, elastic period and work harden-
ing period. However, at higher temperature of 450 �C, because
of the growth of the grains after necking [5], the material
exhibits a three-stage deformation pattern including elastic,
work hardening and softening period.

Figure 3 shows the yield stress rs and ultimate tensile stress
rb as a function of temperature. Below 300 �C, the yield stress
and ultimate stress decreases rapidly with increasing tempera-
ture, while after 300 �C, both of the stress slightly decreases.
To observe the effect of heat on the stress for the foils with
different grain sizes, the reduction of the yield stress and ulti-
mate tensile stress at elevated temperature is calculated as
follows:

di %ð Þ ¼
aver � rið Þj � aver � rið Þ0

aver � rið Þ0
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�
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�
�
�
� 100%; ð1Þ

where d is the reduction of the stress at elevated temperature;
aver � r is the average stress of three tests under the same
tensile condition; i is the stress number, where 1 and 2

(a) (b)

(c) (d)

Figure 2. True stress-true strain curves of thin pure Ti foils with different grain sizes at different temperatures of: (a) 25 �C, (b) 160 �C,
(c) 300 �C, and (d) 450 �C.
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Figure 1. Dimensions of tensile specimen (mm).
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correspond to the yield stress and ultimate tensile stress,
respectively; j is the temperature number, where 0, 1, 2,
and 3 correspond to 25, 160, 300, and 450 �C, respectively.

Figure 4 shows the graph of the calculated reduction of
yield stress and ultimate tensile stress. Due to more activated
dislocation movements at high temperature and the less grain
boundaries of the foils with large grain size, both of the reduc-
tion of yield stress and ultimate tensile stress is higher for the
foils with larger grain size than that for the foils with smaller
grain size.

3.1.2. Fracture strain

The effect of heat on the fracture strain is shown in
Figure 5. For the foils with different grain sizes, the fracture
strain shows the same tendency of decreasing with increasing
temperature when the temperature is below 300 �C, and then
increasing with increasing temperature when the temperature
is above 300 �C. This trend is similar with the study of Huang
et al. [7] on pure Ti sheets. At room temperature, because of
the better resistance for fracture if the grain size of material

is smaller, the fracture strain decreases with increasing
grain size. While at elevated temperatures, there is no such
tendency.

3.1.3. Work hardening behavior

The work hardening behavior of the material can be
described by the strain hardening exponent n. By fitting
the true stress-strain curves using Hollomon’s equation (see
Eq. (2)), n values for the thin foils with different grain sizes
at different temperatures can be obtained as shown in Figure 6.
For all the foils with different grain sizes, n value shows the
same tendency that increases with increasing temperature.
In addition, the grain size has no influence on n values.

r ¼ Ken; ð2Þ
where r is the true stress, K is the strength coefficient, e is the
true strain, and n is the strain hardening exponent.

(a)

(b)

Figure 4. Reduction d (%) of yield stress and ultimate tensile
stress at elevated temperatures for the foils with different grain
sizes: (a) reduction of yield stress and (b) reduction of ultimate
tensile stress.

(a)

(b)

Figure 3. Yield stress and ultimate tensile stress as a function of
temperature for the foils with different grain sizes: (a) yield stress rs

and (b) ultimate tensile stress rb.
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3.2. Discussion

In microscale, the material cannot be considered as a
homogeneous continuum, but is considered to consist of sur-
face and inner area. Due to the less constrains of the surface,
the behavior of the grains in the surface area is assumed to
be similar to single crystal behavior, while the behavior
of the inner area is described by the behavior of polycrystal
[8, 9]. Therefore, the surface area indicates less flow stress
compared with inner area. As the grain size increases, the share
of the surface area increases, thus the flow stress decreases.
This can be considered as another reason for the tendency that
the flow stress decreases with increasing grain size (see
Figure 2). At the temperature of 450 �C, due to the higher
temperature in the necking area, the grains begin to grow
[5]. This results in the softening of the material as shown in
Figure 2d.

At elevated temperatures, the flow stress of the material
decreases. In microscale, due to the less grain boundaries
and less restriction of the surface area, the flow stress of the
surface area decreases more than the inner area as the temper-
ature increases. This phenomenon can be considered as the
reduction of the flow stress at the inner area is assumed to
be the same as the surface, while the thickness of the surface
area is assumed to increase with increasing temperature.
If the temperature increases infinitely, the deformation behav-
ior of the whole material will be considered as the behavior
of single crystal. This can be considered as another reason
for the tendency that the reduction of the stress is higher for
the foils with larger grain size than that for the foils with smal-
ler grain size (see Figure 4). In the future, the investigation on
the constitutive model will be conducted to predict the flow
stress by using the explained assumption. Thus, the design of
the resistance-heating-assisted microforming process can be
achieved.

In addition, the density of deformation twins decreases
with increasing temperature [7]. This results in the reduction
of strain hardening rate. Thus, the fracture strain decreases
due to the local deformation caused by a smaller strain harden-
ing rate at lower temperature. At 450 �C, the fracture strain

increases because of the occurrence of the softening behavior.
However, as the temperature increases, the material shows
more work hardening as shown in Figure 6. Even though the
imperfect defects and initial dislocation density decreases after
annealing process, more slip systems are activated during the
deformation of pure Ti [10]. Therefore, the increase of disloca-
tion density during deformation is one of the reasons for the
increasing value of work hardening exponent (n). The occur-
rence of dynamic strain aging is another reason for the increase
in n value. The dynamic strain aging of pure Ti often occurs in
the strain rates of 3 · 10�5 – 3 · 10�2/s [11], which increases
the strength of the material. Thus, the work hardening behavior
increases with increasing temperature.

4. Conclusions

In the present work, to investigate the size effect of heat on
material deformation in micro sheet forming, uniaxial tensile
tests were carried out for thin pure Ti foils with different grain
sizes at different temperatures by resistance heating method.
It is found that the reduction of the stress at elevated tempera-
tures compared to room temperature is higher for larger grain
size foils than that for smaller grain size foils. The fracture
strain decreases with increasing temperature when the temper-
ature is below 300 �C, and then increases with increasing tem-
perature when the temperature is above 300 �C. In addition,
the work hardening behavior of the material increases with
increasing temperature, and is independent of the grain size.
In the future, to clarify the influence of grain size on the mate-
rial deformation for thin foils in resistance-heating-assisted
microforming comprehensively, a more detailed study on the
strain rate sensitivity will be conducted.
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Figure 6. Strain hardening exponent n for the thin foils with
different grain sizes at different temperatures.Figure 5. Effect of heat on the fracture strain.
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