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Abstract— The measurement of the coefficient of thermal 
expansion (CTE) of polypropylene laminated paper (PPLP) 
as electric insulating material is important for its practical 
superconducting device application. The thermal strain 
induced to HTS tapes and its insulating material during 
cooling from room temperature might largely affect the 
critical current (Ic) of HTS tapes. In this study, the thermal 
contraction of PPLP material was measured during cooling 
from 300 K to 77 K using double extensometers. Initially, the 
CTE of a brass tape was measured and it was compared with 
a reference data. It was found that the measured thermal 
expansion data of the brass material approaches that of the 
reference one. Based on the results, it was then confirmed 
that the measurement technique could be applied to thin and 
flexible samples. Therefore, the same measurement 
procedure was applied to PPLP material using double 
extensometers. As a result, the linear CTE of the PPLP at 77 
K has been measured to be ~ 15.3 x 10-6/K. Also, it was found 
that the thermal contraction characteristics of PPLP was 
dominated by polypropylene on the cross direction (higher 
thermal contraction) while it was dominated by Kraft paper 
on the machine direction (lower thermal contraction). 
Overall, this measurement procedure could be adopted for 
the determination of CTE of flexible materials such as PPLP. 
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1. INTRODUCTION 
High Temperature Superconducting (HTS) cable is 

expected to be one of the powerful tools to solve the 
shortage problem of electric power transmission capacity 
in metropolitan areas. Since it can transmit a large amount 
of electric power, a compact size is possible to make the 
overall construction cost lower than that of the 
conventional cable. The HTS cable system is basically 
composed of a conductor including all its constituent parts, 
cooling system and electric insulation [1, 2].  

Power has two components (P = IV), by which HTS 
tapes carries the current (I) and the cryogenic dielectrics 
(insulation) must carry the voltage (V). Without viable 
cryogenic dielectric, there is no transmission or conversion 
of power [3]. Nowadays, polypropylene laminated paper 
(PPLP) is used as insulation in superconducting cables due 
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to its low dielectric loss and superior dielectric property [2, 
4, 5]. The use of PPLP as an insulation for the electric 
cable application is already well-known and it has become 
a standard in the field of underground transmission cables. 
The PPLP is also being promoted to be used for HTS 
power cables [5]. 

The electrical insulation characteristics of the PPLP 
material have been studied [2], as well as the thermal 
conductivity and specific heat [6]. But issues on electric 
insulation for superconducting applications must be 
addressed in the aspect of both the reliability and the life of 
an electric device. From the aspect of mechanical property 
[7], on the other hand, CTE compatibility of PPLP with 
coated conductors (CC) is important and it should not 
degrade the property of CC tapes under thermal 
contraction or cycling. Therefore, the verification of the 
thermal compatibility through the proper measurement of 
thermal contraction of the insulation material is necessary. 
The CTE measurement technique using double 
extensometers has been recently reported [8]. For the 
measurement of the thermal expansion of HTS tapes and 
technical materials two requirements should be considered. 
The first is that the measurement technique should be 
applicable to thin tapes with typical cross-sectional area of 
~1 mm2. The second is that the measurement should be 
applicable at cryogenic conditions [8]. However, there is 
still no work reported on the CTE measurement of PPLP 
material at cryogenic temperature. 

In this study, the authors have tried to measure the CTE 
of the PPLP insulation material, which is quite flexible, at 
77 K using the double extensometer method and its 
compatibility with the conductors was estimated. Also, the 
CTE in two different orientations, i.e. at the machine 
direction (MD) and the cross direction (CD), was 
measured and compared. And the applicability of the given 
measurement procedure for the determination of CTE of 
thin PPLP materials was discussed. 

 

2. EXPERIMENTAL PROCEDURE  

2.1 Sample 
A polypropylene laminated paper (PPLP) with a 

thickness of 120 µm was supplied for the test. Fig. 1 is an 
illustration showing the orientation of PPLP which is made 
by polypropylene film sandwiched in between Kraft 
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Fig. 1.  (a) Illustration of PPLP sample used, including 
sample orientation; (b) PPLP material at disintegrated 
state. 
 
papers on both sides. The sample length was 130 mm, 
while the gage length between the two copper grips was 80 
mm. The machine direction (MD) as well as the 
cross-machine direction (CD) is indicated in Fig. 1(a). The 
disintegrated state is shown in Fig. 1(b). 

2.2 Setup for CTE measurement 
The thermal expansion of PPLP was measured at the 

temperature range of 300 K ~ 77 K using the configuration 
shown in Fig. 2. The upper end of the sample was gripped 
by the upper block, and a block (~ 45g dead weight) was 
attached to the lower end of the sample to ensuring vertical 
alignment. Aluminum foil was wrapped on the PPLP to 
avoid damage caused by the sharp edges of the double 
extensometer during gripping. The setup including the 
sample was slowly submerged into liquid nitrogen (77 K), 
which was used as the coolant.  

The contraction of the sample was measured using the 
Nyilas type double extensometers with a gage length of 15 
mm. The extensometers used in the study were made of 
Titanium alloy. The double extensometers were clipped to 
the sample. 

The two single extensometers have been wired together, 
thus averaging the two displacement data electrically. The 
double extensometers were directly connected to the signal 
conditioner without using any Wheatstone bridge. And the 
voltage output from the signal conditioner was then 
recorded as a displacement caused by the shrinkage of 
sample during cooling to 77 K from RT. 

    
(a)                       (b) 

 
Fig. 2. (a) Setup for CTE measurement at 77 K, and (b) the 
enlarged view of the extensometer part. 
 

2.3 Formulation for the determination of thermal 
contraction and CTE at cryogenic temperature  

The double extensometers were calibrated at liquid 
nitrogen temperature around 77 K. From the slope of the 
voltage versus the displacement curve, the calibration 
factor was derived, and it was 1.77 V/mm.  

The thermal contraction of a sample at a specified 
temperature T from room temperature (RT) can be 
computed based on the following equation:  

 
εthermal = ∆L

L@RT
=  L@RT− L@T

L@RT
                         (1) 

 
where  ∆L is the change in sample length which  

      corresponds to  ∆V/CF@T. 
   L@RT is the initial length at room temperature  

  which corresponds to the gauge length of the  
  extensometer adopted 

   L@T is the length at a specified temperature T 
 
To compute the coefficient of thermal expansion, α, at a 
specified temperature T, the following equation was used:  

 
α =  εthermal

∆T
                          (2) 

 
where  εthermal is the thermal strain measured over the 
temperature range and ∆T is the change in temperature. 

Further, to derive the CTE, α, Eq. (1) was substituted to 
Eq. (2), such that : 
 

α =  
∆L

L@RT�

∆T
                          (3) 

 
Using Eq. (3), we can then use the following relationship 
to compute the contraction, ∆L, using our setup:  

∆L =  α⋅∆T⋅L@RT  = ∆V/CF@T                  (4) 
  

where  CF@T is the calibration factor measured using the  
                 double extensometers at a specified temperature 

∆V is the voltage change due to deformation 
      during measurement 
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Therefore, Eq. (2) then becomes as follows: 
 

α =  

∆V
CF@T

L@RT
�

∆T
                           (5) 

 
And further,   

 
 α =  ∆V

CF@T(L@RT)∆T
                     (6) 

 
It should be noted that this formula works well as long as 
the linear CTE does not deviate much over the temperature 
range, ∆T. If it does, the equation must be integrated. 

On the other hand, the thermal expansion calculation for 
continuous test (derived by a step of 1 K) was reported by 
Sugano et al. using the following equation [8]: 
 

             (7) 
 
where 

L0      is the initial gauge length 
V�(T) is the average voltage measured between T - 0.5 

K  and T + 0.5 K 
y(T)  is the temperature dependence of the calibration  

        factor (CF) 
 

3. RESULTS AND DISCUSSION 

3.1 Validity check of measurement procedure adopted 
To check the validity of the adopted thermal contraction 

measurement test procedure, the CTE and the thermal 
contraction of a 50 micron-thick brass tape was measured 
at 77 K and the result was compared to a reference data. 
The test procedures were as follows:  

1) Double extensometers calibration @ 77 K (or T): 
calibration factor (CF) = 1.77 V/mm 

2) Voltage output of the double extensometers has been 
measured to account for the thermal contraction of the 
titanium alloy frame at a specified temperature, T,                                          
(i. e. @ 77 K in this study) V@ 77 K = -0.073 V 

3) The voltage output corresponding to the change in 
length (∆L) of brass sample to 77 K from RT was 
measured using the double extensometers (as described in 
section 2.2); V@77 K = -0.164 V 

4) Then, the thermal contraction at 77 K was calculated 
using Eq. (1). 
 

From the mathematical formulation stated above, the 
thermal contraction strain measured was:  

 
∆L
L

(300 K − 77 K) =  − 0.34 % 
 
Which yields an α of: 
 

α = 15.4 x 10−6 K−1 

These values showed a good agreement with the reference 
data [9]: 
 

∆L
L(293 K−77 K)

=  − 0.353 % 

 
When α was computed, it showed: 
 

α = 16.8 x 10−6 K−1 
 
It was then decided that the measurement procedure using 
double extensometers could be also adopted for PPLP 
material at cryogenic temperature. 

3.2 CTE measurement of PPLP 
For measuring the CTE of the PPLP tape, the gauge 

length of the double extensometer adopted was 14.8 mm, 
shown in Fig. 2(b). Room temperature measured was ~ 
27.2 °C (=300.2 K), while ∆T = 77 K – 300.2 K = 223.2 K.  

From the formulation given above, the thermal 
contraction and the CTE of the PPLP tape at 77 K were 
measured both at MD and at CD orientations. Table 1 
shows the measured data of the thermal contraction as well 
as the CTE of the PPLP tape. Three times per orientation 
were conducted, the average thermal contraction measured 
at MD orientation was -0.34% while the CTE calculated 
was ~ 15.3 x 10-6/K. For the CD orientation, the average 
thermal contraction measured was 0.87% while the CTE 
calculated was ~ 39.2 x 10-6/K. 

The PPLP material showed different thermal properties 
depending on orientation; higher thermal contraction along 
the CD orientation as compared with the MD one. With 
this result, it can be found that the thermal contraction 
characteristic of PPLP was dominated by the 
polypropylene along CD orientation, while dominated by 
the Kraft paper along the MD one.  

The mechanical and thermo-mechanical properties of 
composite materials depend on the respective properties of 
the matrix (polypropylene) and the reinforcing phases 
(fibers in Kraft paper), their relative volume fraction, 
length of the fiber and the orientation of the fibers relative 
to the applied stress direction [10]. Most of the fibers in the 
Kraft paper are oriented along the MD orientation, thus 
affecting mainly the thermo-mechanical and mechanical 
behavior of the PPLP along the direction [7]. However, the 
thermal contraction along the width (CD) is mostly 
perpendicular to the fiber direction; therefore the  

 
TABLE I 

CTE AND THERMAL CONTRACTION @ 77K FOR PPLP(C120N). 

  CTE 
(10-6 K-1) 

Thermal 
contraction 

∆L/L (%) 

Machine 
direction (MD) 

Test 1 16.0 -0.36 
Test 2 14.6 -0.33 
Test 3 15.2 -0.34 
Mean 15.3 -0.34 

Cross-Machine 
direction (CD) 

Test 1 36.6 -0.82 
Test 2 40.0 -0.89 
Test 3 41.0 -0.91 
Mean 39.2 -0.87 
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properties of the PPLP composite will be strongly 
dependent on the polypropylene matrix [10]. 

On the mechanical property aspect, the CTE 
compatibility of PPLP with coated conductor tapes must 
be considered and it should not be degraded under thermal 
contraction or cycling. Based on the above results, it can be 
found that the CTE of PPLP (~15.3 x 10-6/K along the MD 
direction) is comparable with HTS technical materials 
such as brass (17.5 x 10-6/K) or stainless steel (~15.0 x 
10-6/K) [9]. It can be thought that the PPLP is a very 
suitable insulation for cable applications employing HTS 
tapes with brass or stainless steel reinforcements 
considering their CTEs. Consequently, it can be said that 
the determined CTE of the PPLP material makes an 
effective and reliable design of superconducting devices. 
 

4.  CONCLUSION 
 

A CTE measurement procedure for PPLP material by 
using double extensometer method during cooling from 
300 K to 77 K was established. Initially, the procedure was 
used to measure the CTE of a solid brass sample and 
compared the measured thermal contraction of the brass 
sample with the reference data. Based on the result, the 
measurement technique was applied to measure the CTE of 
PPLP material, which is flexible. As a result, the linear 
coefficient of thermal expansion of PPLP measured was ~ 
15.3 x 10-6/K at 77 K. PPLP showed different thermal 
properties depending on orientation. This measurement 
procedure using double extensometers was effective for 
the determination of thermal contraction and CTE of PPLP 
material at cryogenic temperature. 
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