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A novel hybrid heating method which combines the conventional
electric-resistance specimen heating with microcoil heating of
specimen ends to achieve uniform heating over the gauge length
is presented. Resistive heating of a miniature specimen develops a
parabolic temperature profile with lowest temperature at the grip
ends because of the heat loss to the gripper. Coil heating at the
specimen ends compensates for this heat loss resulting in uniform
temperature distribution over the central segment of the specimen.
Thermo-electric finite element simulations were carried out to
analyze the transient and steady temperature distribution in mini-
ature specimens followed by experimental validation.
[DOI: 10.1115/1.4035954]

Introduction

In recent years, mechanical testing of miniature specimens has
drawn significant attention [1–7]. The increasing need of minia-
turization of mechanical and electronic components in many
industries, such as, biomedical, cell phone, and micro-electro-
mechanical systems, has increased the demand for miniature spec-
imen testing [8–11]. The development of microfabrication techni-
ques for producing microparts requires the knowledge of material
properties which can only be determined through miniature speci-
men testing. Another factor for increased demand of miniature
specimen testing is the determination of the remaining life of criti-
cal components working under extreme loading and environmen-
tal conditions [4,6,12]. Miniature specimen allows determination
of material properties from a small amount of material normally
produced while designing and developing new alloys. When
mechanical testing of materials from a component in service
needed to be performed usually small volume of materials can be
extracted, and hence miniature specimen testing is imperative
[13].

To date, there are numerous testing methods and systems that
have been developed for mechanical testing of miniature

specimens [1–7]. Most of these systems, however, can perform
mechanical testing at room temperature. There are many applica-
tions that call for accurate determination of material properties at
elevated temperatures. For example, microforming at elevated
temperature enhances homogeneous deformation; hence, determi-
nation of material properties at elevated temperature is essential
for the development of simulation models [14]. In fusion welding,
material properties at elevated temperature are needed to simulate
residual stresses and structural performance of welded compo-
nents. Furthermore, remaining life estimation of structures, weld-
ing joints, and components subjected to thermal loading can be
performed by extracting small volume of materials for miniature
specimen testing. Finally, in situ microstructure investigations
within scanning electron microscope (SEM) while performing
mechanical testing provide additional information for multiscale
modeling and condition assessment [15–19].

Heating methods available for miniature specimens testing of
metals and alloys are resistive heating and chamber heating
[20–22]. The widely used induction heating systems are not avail-
able for miniature specimen testing. As demonstrated below, a pri-
mary set back of the resistive heating of miniature specimen is to
achieve uniform temperature over the gauge length. In order to
have relatively uniform temperature distribution over the speci-
men central segment, specimen lengths need to be increased,
which defeats the purpose of miniature specimen testing. Uniform
temperature distribution of miniature specimens can be obtained
through chamber heating, but this method may not be feasible if
the material test setup is to be integrated in a SEM system for in
situ studies as the specimens need to be accessible to the SEM
detectors and electron guns. Induction heating system can be
developed for uniform heating of miniature specimens, but the
electromagnetic fields from this method may interfere with the
electron beams from the SEM resulting in image distortions.
Hence, among all the miniature specimen heating techniques
available, the resistive heating seemed best suitable for in situ
SEM testing using a miniature test systems. However, as stated
above and demonstrated below, this method is incapable of uni-
formly heating miniature specimens. Hence, this study developed a
novel hybrid heating method combining resistive heating and speci-
men end microcoil heating. Analytical development and experi-
mental validation of the hybrid heating method is presented below
to demonstrate the potential of this novel heating technique.

Resistive and Hybrid Heating Methods

A miniature test system is under development to perform high
temperature, multiaxial, monotonic, and cyclic loading tests of
miniature tubular specimens with 1mm outer diameter and
0.69mm inner diameter. The smallest gauge length of the minia-
ture specimens will be in the order of 3mm. In the testing process,
the specimen ends are clamped by the grippers (see Figs. 1(a) and
1(b)) through which mechanical loads and current are applied.
Electric-resistance specimen heating is obtained by conducting
electric current through the specimen to generate Joule heat. Since
the specimen is small and the heating power is low, the grippers
can be cooled by natural convection when performing material
testing at low temperatures. At higher temperatures, grippers can
be cooled by running water through coolant grooves machined in
the grippers (see Fig. 1(b)). It should be noted that the grippers
must be cooled down to ensure that excessive heat is not trans-
ferred to the load cell. The coil heating system is composed of
coils and ceramic insulators to heat the specimen ends as shown
in Fig. 1(b) (exploded view of the specimen). As current flows
through the coil, the Joule heat generated is conducted to the spec-
imen via a ceramic spacer, which also acts as an electric insulator.
This coil heating method by itself will not achieve uniform heat-
ing at the gauge length similar to the resistance heating method.
However, when these two heating methods are combined uniform
temperature heating of miniature specimens can be performed as
needed for elevated temperature mechanical testing of materials.
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The performance of these heating techniques is first simulated
through finite element electrical-thermal analyses to demonstrate
why uniform temperature can be achieved by the proposed hybrid
heating method.

Finite Element Electrical-Thermal Analysis of

Resistance and Coil Heating

In order to determine the temperature distributions by the resist-
ance, coil, and hybrid heating methods, electrical-thermal finite
element analyses were conducted. The analyses included heat loss

Fig. 1 The resistive, coil, and hybrid heating methods, (a) and (b) the grippers and specimen,
(c) current input for coil heating, resistive heating, and hybrid heating

Fig. 2 Electric-resistance heating temperature distributions
for different specimen lengths

Fig. 3 Transient and steady temperature distributions of a
6-mm specimen by coil heating

Fig. 4 The steady temperature distribution by coil heating for
different specimen lengths

Fig. 5 The temperature distributions in a 6-mm-long specimen
by three different heating methods
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through radiation and natural convection. Variables such as, heating
coil length, specimen length, power inputs, and the heating time to
steady-state temperatures were investigated to better understand the
influences of these variables on the heating methods. Electrical-
thermal finite element analyses were conducted using the ANSYS WORK-

BENCH. Several assumptions were made to simplify the simulation pro-
cess: (a) the connections between contact surfaces are set to bonded
conditions with a thermal conductance 0.1W/mm2 K [23], (b) the
coolant groove surfaces are set to a constant temperature of 22 �C to
simulate water cooling, implying that water is pumped through the
coolant groves to maintain this temperature, and (c) thermal conduc-
tivity was taken as constant by averaging thermal conductivity values
over a temperature range of interest. For example, below 400 �C a
thermal conductivity of 15.1W/m K was used [24]. Stainless steel
material was used for the grippers and specimen, whereas A2 tool
steel was used for collets (Fig. 1). The material of the heating coils
was Nichrome 80 and that of the ceramic insulators was Alumina 960.

Fig. 6 The temperature distributions in a 50-mm-long speci-
men by three different heating methods

Fig. 7 The experiment setup for validation of the novel hybrid heating technique
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Finite Element Analysis of Electric-Resistance Heating. In
the thermal analysis of electric resistance specimen heating, the
specimen was heated to a maximum temperature of 1000 �C. The
steady-state temperature distributions on the specimens are shown
in Fig. 2 for different specimen lengths. As can be seen in the fig-
ure, the temperature distributions for shorter specimens are
parabolic-shape with maximum at the specimen center, whereas
that for longer specimens the temperature distribution at the cen-
tral segment become uniform. The parabolic shape exhibited by
shorter specimen is because the grippers act as heat sink. The simu-
lation results (Fig. 2) show that the temperature profile for shorter
specimens (6–10mm) has nonuniform temperature distribution and
hence the resistance heating method by itself cannot be used for
elevated temperature mechanical testing of miniature specimens.

Finite Element Analysis of Specimen End Coil Heating.
Transient temperature distributions simulated by the electrical-
thermal analysis for specimen end coil heating (Fig. 1(c)) for a
6-mm-long tubular specimen are shown in Fig. 3. This figure
shows temperature distributions at first, second, fifth, and 50th
seconds. To heat the specimen to a maximum 1000 �C, it took
15W/mm3 internal heat generation on the coils. The transient sim-
ulation results also show that a steady-state condition was reached
by 5 s. The temperature variance between the maximum tempera-
ture and the temperature at the specimen center is 60 �C for the
6-mm specimen; hence, coil heating method cannot be used by
itself for heating miniature specimens.

The power input to the coils for heating the specimens to
desired maximum temperature depends on the specimen length as
shown in Fig. 4. When the specimen length is less than 10mm,
the required power input increased significantly with specimen
length. But when the specimen length is above 10mm, the power
input will barely increase with the specimen length. It is also
observed that the temperature at the center of the specimen
decreases with the specimen length (Fig. 4). As shown in the fig-
ure, if the specimen length is short, the temperature distribution
on the specimen center will have parabolic profiles with the mini-
mum temperature located at the center of the specimen.

Finite Element Analysis of Hybrid Heating. The finite
element analysis results presented above demonstrated that either
the resistance or coil heating method is unable to heat miniature
specimens with a uniform temperature distribution over the gauge
length essential for elevated temperature mechanical testing. The

resistive heating method generates maximum temperature at the
center of the specimen, whereas specimen end coil heating results
in higher temperature around the ends of the specimen. Interest-
ingly, when these two heating methods are combined (hence,
called hybrid heating method) uniform temperature distribution
can be achieved over the central segment of the specimens with
different lengths. Figures 5 and 6 show the steady-state temperature
distributions for two specimen lengths (6 and 50mm) heated by the
resistance, coil, and hybrid heating methods. In these figures, it is
observed that for both the specimen lengths uniform temperature
distribution is achieved at the central segment of the specimens
using the hybrid method. The results shown in Figs. 5 and 6 were
carried out for input power of 13.2W/mm3 for the coil heating sys-
tem and 0.823W/mm3 for the resistance heating system, if used
individually to achieve a maximum temperature of 1000 �C.

Experimental Verifications

The heating experimental setup is shown in Fig. 7. Two sepa-
rate power supplies were used for coil and resistance heating of
the specimen. A K-type thermocouple with a 0.05mm wire gauge
was used for temperature measurements. The thermocouple was
connected to an 80 TK thermocouple module which was plugged
on a FLUKE 189 multimeter to record the temperatures. The grip-
pers were thermally isolated from the cross bars by using Alumina
960 ceramic insulator disks (6.5mm diameter and 1.75mm thick-
ness). A specially designed thermocouple mount was used to pre-
cisely set and move the thermocouple along the specimen length.

Figure 8(a) shows measured temperatures generated by resist-
ance heating for a 10-mm-long specimen and a current input of
12A. As shown in this figure, the measured temperature distribu-
tion is parabolic along the specimen length with a maximum tem-
perature at the specimen center. Similar temperature distribution
is also observed in the finite element analysis results as shown in
Fig. 8(a) but with a little under prediction. Figure 8(b) shows
measured temperatures along with the finite element analysis
results generated by specimen end coil heating for the same speci-
men with a current of 2.25A. Again, both the measured and simu-
lated temperature distributions are parabolic with a minimum
temperature at the specimen center, and little over prediction by
the simulation. Figure 9 shows the measured temperatures and
corresponding simulations when the specimen was heated by the
novel hybrid method. One experiment was carried out to achieve
a maximum temperature of 500 �C, using current inputs of 2A
and 8.5A for coil heating and resistive heating, respectively. A
second set of experiment was carried out to achieve a uniform
temperature of 800 �C, where current inputs of 2.25A and 13.5A
were applied for coil heating and resistive heating, respectively.
The measured temperatures generated by the hybrid heating
clearly shows that uniform temperature can be achieved over the
specimen gauge length (Fig. 9). The simulation results for the
hybrid heating method, however, show slight parabolic shape.

Fig. 8 Temperature distribution for a 10-mm-long specimen by
(a) resistance heating and (b) specimen end coil heating

Fig. 9 Temperature distribution for a 10-mm-long specimen by
hybrid heating
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While the proposed hybrid heating method results in uniform
temperate at the specimens gauge length, implementation of this
technique in a miniature specimen testing will require a robust
control module. For instance, tensile test results with an appreci-
able change in a cross-sectional area, which implies that the cur-
rent density for resistive heating required to maintain the desired
temperature will have to be changed. This will only be feasible if
a feedback loop is incorporated in the system such that the cur-
rent/input power is adjusted in real-time. Such a system is cur-
rently under development.

Conclusions

Of the available heating systems, induction, electric-resistance,
and furnace, only the resistance heating system can be imple-
mented for the in situ elevated temperature mechanical testing of
miniature specimens within SEM. However, the resistance heating
method is unable to generate a uniform temperature distribution
over the gauge length of miniature specimens. Hence, a novel
hybrid heating method, which combines the electric-resistance
and specimen end coil heating, is developed. In this hybrid
method, two microheating coils are used to heat the specimen
ends while heating the specimen through resistance heating to
achieve a uniform temperature distribution over the gauge length
of the specimen. For initial development of the hybrid heating
method, electrical-thermal finite element analyses were conducted
for resistance, coil, and hybrid heating systems. Based on the anal-
ysis results, an experimental setup was developed and perform-
ance of the novel hybrid heating system was validated to achieve
the desired uniform temperature distribution in miniature speci-
mens. The finite element analyses conducted and experimental
validation revealed that the specimen length does not influence
the temperature distribution by the hybrid heating system as was
observed in case of the resistance and coil heating systems. Since
the cross-sectional areas of the sample will change during
mechanical testing, the current density for resistive heating
required to maintain the desired temperature will also change.
Thus, implementation of this heating technique requires a feed-
back loop, which is currently under development, to adjust the
input current in real-time.
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