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Abstract. It is a challenge to apply the infrared detector to a test at higher 
strain rate because lots of articles report that the detector has an extremely-
high responsiveness. However, all the research works about the 
measurement of temperature is focused on 103 s-1 of the strain rate achieved 
by the split Hopkinson pressure bar test.  To evaluate the thermo-mechanical 
behaviour of materials in higher strain rate range, a method for measuring 
the temperature in Taylor impact test is required to establish. Additionally, 
a use of the fiber should be considered to protect the detector from any 
damages by the impact of the specimen and realize the measurement in the 
point-like area. In this study, an optically-measuring system of temperature 
with the infrared detector and PIR fiber is designed. Then, the designed 
system is introduced into the apparatus based on the instrumented Taylor 
impact test proposed recently. The temperature rise at a local point on the 
surface of pure aluminium is measured during the test. Then, a calculation 
for distribution of temperature from a heat conduction equation is proposed.  

1 Introduction 
In our previous study, an instrumented Taylor impact test is established [1] for measuring 
just a stress-strain curve at ultra-high strain rate over 105 s-1. Focusing on the non-uniform 
deformation of the specimen, the test is instrumented by a high-speed camera [2] and 
Hopkinson pressure bar [3] to combine obtained distribution of axial strain and stress. 
Additionally, because the deformation rate is much higher than the release rate of internally-
developed heat during high-speed deformation, the adiabatic process and a significant rise in 
temperature of specimen are achieved. Thus, when performing the Taylor impact test, not 
only the mechanical but also the thermal behaviour of the materials should be evaluated 
together because the thermal softening gets significant due to the temperature rise under such 
high-speed deformation.  

In general, the thermocouple and infrared detector are widely used for evaluating the 
thermal behaviour of the materials. In previous, lots of challenges on measuring the 
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temperature rise in high strain rate range is done by using the extremely-thin thermocouple 
[4-6] and infrared detector [7]. Their high responsiveness is confirmed from the measurement 
result. Additionally, it can be predicted that the responsiveness of infrared detector is much 
higher than thermocouple because of its nature of light. So that, the infrared detector is 
applied to determine the Taylor-Quinney coefficient [8] of materials at high strain rate 
frequently [9-11]. From the viewpoint, it is possible to apply the infrared detector to measure 
the temperature rise of materials in a higher strain rate range because of its responsiveness.  

However, all the past measurements of temperature rise are conducted at the strain rate 
around 103 s-1 by carrying out split Hopkinson pressure bar (SHPB) test. Thus, measuring 
temperature at over 105 s-1 of the strain rate need to be realized. When the temperature is 
measured during the Taylor impact test, a non-contact technique such as the infrared detector 
is primally introduced. Generally speaking, the infrared detector can capture the temperature 
in the spot-like small area with the same size of a detecting sensor on the surface of the 
specimen. A fiber should be introduced to prevent any damage of the infrared detector due 
to a shot specimen and realize the measurement in the point-like area smaller than the 
detection area of the device. Different from the SHPB test with uniform deformation, the 
temperature in only the area is insufficient to evaluate the thermal behaviour which should 
be focused on due to a nature of the non-uniform deformation in the specimen.  

In this study, measuring distribution of temperature during Taylor impact test is 
established. At first, an optical system including the infrared detector and PIR fiber is 
designed to capture the temperature rise at one spot with diameter of fiber. After that, the 
designed optical system is introduced into the apparatus based on the instrumented Taylor 
impact test. A Taylor-Quinney coefficient of pure aluminium is calculated by the measured 
results and heat conduction equation. Finally, the distribution of temperature is obtained.  

2 Experimental method  

2.1 An instrumented Taylor impact test 

The specimen used here is made of pure aluminium A1070. A cylinder with 40 mm in length 
and 8 mm in diameter is manufactured from a received bar. All the specimen is annealed in 
the atmosphere at 623 K for 1 h. 

Fig. 1 shows a photo of the apparatus based on the instrumented Taylor impact test [1]. 
The specimen is shot from the launcher shown in bottom left side. A sabot provides a 
guidance for keeping the straight path of the specimen. The impact velocity is measured by 
the fiber sensor (KEYENCE FU-77V) fixed at the muzzle of the launcher. In the upper right 
side of this figure, a Hopkinson pressure bar made of tungsten carbide with 400 mm in length 

 
Fig. 1. A photo of the apparatus based on an instrumented Taylor impact test. 
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and 20 mm in diameter is employed to measure the impact force. The elastic deformation of 
Hopkinson pressure bar is detected by two strain gauges (KYOWA KFG-1-350-D16-11) 
attached on the surface at 30 mm away from the impact surface. The deformation process of 
the specimen is recorded by a high-speed camera (PHOTRON FASTCAM SA-Z) with 
210000 fps of frame rate shown in bottom right side of Fig. 1. The air pressure is set to be 
0.7 MPa. As a result, the impact velocity achieves to 110 m/s. 

2.2 Temperature measurement system  

Fig. 2 shows a photo of the temperature measurement system using five PIR fibers (ART 
PHOTONICS M10028) with 860 μm in core diameter and an infrared detector 
(HAMAMATSU P3257-10). Additionally, zinc selenide biconvex lens (THORLABS 
JAPAN LB7436-E3) with 15 mm in focal length is placed in front of the detector. As shown 
in the left hand side of this figure, the temperature measurement is carried out at 5 mm away 
from the impact surface. One end of the PIR fiber is fixed radially along with the surface of 
the specimen. The other ends of the five fibers are bundled and fixed at 15 mm away from 
the surface of lens shown in right hand side of Fig. 2.  The output voltage of infrared detector 
is amplified by a signal conditioner and recorded by an oscilloscope. Some details are 
mentioned in Ref. [13]. 

 
Fig. 2. A photo of the temperature measurement system using PIR fibers. 

3 Calculation of Taylor-Quinney coefficient 
Because of a process under high-speed deformation, the release rate of the generated heat is 
quite slower than the speed of deformation, the heat conduction equation used here consists 
the plastic work and thermo-elastic effect. By solving the differential equation of the heat 
conduction equation, the Taylor-Quinney coefficients 𝛽 can be cauculated as follows.  

𝛽 =
𝑐𝜌𝑒!"(𝑇 − 𝑇#𝑒$!")

∫𝜎𝑒!" 𝑑𝜀%
	and	𝛾 =

𝛼&
𝑐𝜌. (1) 

Here, 𝜎 and 𝜀! are uniaxial true stress and plastic strain. 𝜌,	𝑐 and 𝛼" denote the density, the 
heat capacity and the thermal expansion coefficients with the value of 0.27×104 kg/m3, 
0.913×103 J/kg∙K and 24×10-6/K, respectively. From Eq. (1), to calculate the 𝛽, the stress-
strain curve and the temperature rise at a local point is necessary. From the calculated 𝛽, the 
distribution of the temperature rise can be obtained by inverse calculation of Eq. (1). 
Moreover, the calculation method for stress-strain curve is proposed in Ref. [1]  
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4 Experimental results 
Fig. 3 shows the time histories of the impact force and temperature measured by Hopkinson 
pressure bar and temperature measurement system. In this figure, the blue and orange lines 
express the impact force and temperature, respectively. The purple and pink dashed lines 
show the starting time of rising impact force and temperature. Basically, the starting time of 
temperature will be 4.8 μs earlier than that of impact force because of the position for 
attaching the strain gauges considering 6246 m/s of the velocity for elastic wave propagation. 
From this figure, comparing with the starting time of the impact force, 5.8 μs earlier of the 
starting time of temperature is observed. Thus, an extremely-high responsiveness for the 
designed system is confirmed because the starting time for rising the infrared detector signal 
almost coincides with the prediction. Additionally, the duration for temperature rise is shorter 
than that for impact force because the deformation process at the measurement position has 
completed and moved to unloading process.  

Fig. 4. shows the stress-strain curve and distribution of temperature rise at 76 μs of the 
moment. The blue and red lines show the stress-strain curve and distribution of temperature 
rise, respectively. After the stress-strain curve at 76 μs is obtained by combining the 
distribution of stress and strain, 1.97 of 𝛽  is calculated by using the stress-strain curve, 
temperature rise at 76 μs and Eq. (1). From the calculated 𝛽 and stress-strain curve, the 
distribution of temperature is calculated as red curve in Fig. 4. From the red curve, it can be 
observed that the maximum temperature rise is 45 K. 

  
Fig. 3. The time histories of the impact force and 

temperature rise. 
Fig. 4. The stress-strain curve and distribution 

of temperature rise at 76 μs of the moment. 

Summary 
In this study, an optical measurement system of temperature is established to measure the 
temperature rise in a local spot-like area on the surface of the specimen during Taylor impact 
test. Then, the Taylor-Quinney coefficients and distribution of temperature rise is calculated 
from the heat conduction equation.  
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