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A B S T R A C T   

Acicular grindable thermocouples represent an interesting and prospective technique of temperature measure
ments at sliding contacts. This study aimed at the investigation of their reliability and accuracy as applied to the 
friction materials of various classes in contact with steel. The tests were conducted on a pin-on-disc tribometer 
under stationary and transient regimes. The experimental results were validated by comparing the temperature 
data obtained by the acicular thermocouple, conventional thermocouples and infrared thermography. It was 
found that the measurements conducted with the acicular thermocouples are test-retest reliable for copper and a 
brake pads material, whereas they are not reliable for a polyamide. The temperature rise measured with the 
acicular thermocouple deviates from that registered by infrared thermography by 7–15% for copper and 10–19% 
for the brake pads material.   

1. Introduction 

Thermocouples are commonly used for temperature measurements 
in the processes related to material removal from the surface of a 
component, including frictional and machining processes. Since the 
beginning of the 20th century, several thermocouple techniques have 
been developed and introduced to tribological applications, as reviewed 
by Kennedy [1], Komanduri and Hou [2] and Davies et al. [3]. 

Conventional thermocouples, also referred to as ‘embedded ther
mocouples’ in the tribological literature, are one of the earliest ther
mocouples applied for measuring temperatures in friction components 
(e.g. Newcomb [4]). A conventional thermocouple is normally installed 
inside a stationary friction component so that its measuring (hot) 
junction is located at a small distance from the sliding surface, as 
schematically shown in Fig. 1a. Apparently, such a thermocouple does 
not indicate the surface temperature but, rather, a sub-surface one. The 
inverse heat transfer methods are sometimes used to reconstruct tem
perature and heat flux at the sliding surface based on the measurements 
with the conventional thermocouples (Yang and Chen [5], Bauzin et al. 
[6], Nosko and Tsybrii [7]). 

In the dynamic thermocouple technique, the friction components act 
as the electrodes of the thermocouple, forming the measuring junction 

directly at their sliding contact (e.g. Bowden and Ridler [8]), as shown in 
Fig. 1b. Since the measuring junction is composed of actual contact 
areas, its thickness is microscopically small. As a result, the dynamic 
thermocouple indicates a higher temperature and its response time is 
substantially shorter in comparison with the conventional thermo
couple. The application region of the dynamic thermocouples is, how
ever, limited to certain combinations of dissimilar pairs of metals. 

A modification of the dynamic thermocouple technique has been 
introduced by Peklenik [9]. An insulated electrode in the form of a wire 
or foil is installed in a conductive friction component with its end 
exposed to the sliding surface, whilst the second electrode is the friction 
component itself, as shown in Fig. 1c. The measuring junction is formed 
by plastic deformations of the exposed electrode and the adjacent ma
terial of the friction component, as the result of their interaction with the 
counter component. Accordingly, the exposed electrode is being worn 
out together with the friction component. Since the thermocouples of 
this type were originally used for measuring temperatures at grinding 
contacts (Yakimov et al. [10], Tatarenko et al. [11], Lebedev and Zha
bokritskiy [12], Karaim [13], Nee and Tay [14], Rowe et al. [15], Babic 
et al. [16], Batako et al. [17], Lefebvre et al. [18,19], Barczak et al. 
[20]), they are often referred to as ‘single pole grindable 
thermocouples’. 
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Tian et al. [21] and Kennedy et al. [22] reported thin-film thermo
couples manufactured on the basis of a physical vapour deposition 
principle. The electrodes and insulation layers of such a thermocouple 
represent thin films that are sandwiched to form the measuring junction 
of microscopic thickness, as shown in Fig. 1d. The thin-film thermo
couple enables measuring rapid temperature flashes at a very small 
contact area, exhibiting outstanding performance. However, the main 

problem here is that the introduction of the thin films to the friction zone 
distorts the temperature field under study, i.e. the thin-film thermo
couple indicates temperature intrinsic not to the sliding contact between 
the friction components but to that between its outer insulation layer 
and the counter component. Besides, accurate vapor deposition of 
metallic and ceramic films on a substrate is a difficult and resource 
consuming procedure conducted under strict laboratory conditions. 

Fig. 1. Types of thermocouples: (a) conventional thermocouple; (b) dynamic thermocouple; (c) single pole grindable thermocouple; (d) thin-film thermocouple; (e) 
double pole grindable thermocouple; (f) acicular grindable thermocouple. 
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Another interesting measurement technique utilises double pole 
grindable thermocouples. In contrast to the single pole grindable ther
mocouple, the double pole grindable thermocouple includes two parallel 
electrodes, as shown in Fig. 1e, which makes it applicable to a non- 
conductive friction component. The ends of its electrodes are exposed 
to the sliding surface and form the measuring junction by undergoing 
plastic deformations. Double pole grindable thermocouples have been 
used for measuring temperatures at sliding contacts, as reported by 
Guskov [23], Romashko [24], Nee and Tay [14], Nosko and Kimura [25] 
and Nosko et al. [26]. In the mentioned studies, the thermocouple 
electrodes represented metallic foils (chromel/alumel, chromel/copel or 
chromel/constantan) with thickness ranging from 20 µm to about 0.2 
mm. Installation of an assembly of two such electrodes requires splitting 
of the friction component or a piece of it into two parts, which is 
impractical and substantially narrows the application range of the 
measurement technique. 

An acicular grindable thermocouple shown in Fig. 1f is a double pole 
grindable thermocouple with a wire-in-hollow-cylinder construction 
(Nosko et al. [27] and Tarasiuk et al. [28]). Similar thermocouples, 
although possessing unaltered measuring junctions, are used in aero
dynamic and hydrodynamic measurements (Mohammed et al. [29,30], 
Menezes and Bhat [31], Irimpan et al. [32], Agarwal et al. [33], Desikan 
et al. [34], Li et al. [35], Manjhi and Kumar [36,37], Rout et al. [38]). 
The wire-in-hollow-cylinder construction approach allows improving 
the manufacturability and installation feasibility of the double pole 
grindable thermocouples and, thereby, opens up new possibilities for 
their application. With this in mind, the purpose of the present study was 
to experimentally investigate the reliability and accuracy of the acicular 
thermocouple technique for the friction materials of various classes 
under stationary and transient regimes. 

2. Research methodology 

2.1. Pin-on-disc tribometer 

The experiments were performed on a Bruker UMT-2 tribometer 
equipped with an S23LE rotational motion drive. The pin sample had a 
cylindrical shape with 8 mm diameter and 8 mm height. The disc sample 
had diameter 70 mm and thickness 6.5 mm. The average friction radius, 
i.e. the distance between the axes of the pin and disc samples, was 30 
mm. The friction force F was measured by a DFH-20 force sensor with 
resolution 0.01 N at frequency 10 Hz. The linear wear δ of the pin and 
disc samples was measured with 1 µm resolution. 

2.2. Temperature measurements 

The working part of an acicular thermocouple comprises a hollow 
cylinder electrode, a wire electrode and an insulation layer between the 
electrodes, as shown in Fig. 1f. The present study investigates the acic
ular thermocouples with hollow cylinder electrode with 0.34 mm outer 
diameter and 0.18 mm inner diameter and wire electrode with 0.08 mm 
diameter. The materials of the hollow cylinder electrode, insulation 
layer and wire electrode are steel, perfluoroalkoxy and constantan, 
respectively. More information on the construction, temperature- 
voltage dependency and other characteristics of the acicular thermo
couples can be found in Nosko et al. [27]. 

The acicular thermocouple was installed in a drilled hole of the pin 
sample so that the axis of its working part coincided with the axis of the 
pin sample, as illustrated in Fig. 2. There was an initial gap of about 0.1 
mm between the exposed end of the working part (with a premade 
measuring junction) and the friction surface. The reverse end of the 
working part was glued to the pin sample. The temperature rise 
measured by the acicular thermocouple with respect to the environment 
temperature is denoted by TAGT. 

Two conventional K-type thermocouples with bare wire diameter of 
0.08 mm were installed in the pin sample. The initial distances between 

their measuring junctions and the friction surface were 0.5 mm and 1 
mm. The measured temperature rise is denoted by TCT0.5 and TCT1, 
respectively. The liquid bath and furnace calibration tests confirmed the 
conventional thermocouples to have an absolute accuracy of ±1 ◦C in 
the temperature range of 0–150 ◦C. 

The temperature signals TAGT, TCT0.5 and TCT1 were sampled by a 
Graphtech GL7000/GL7-HSV data logger. The sampling frequency and 
low-pass cutoff frequency were respectively set equal to 1 Hz and 1.5 Hz 
for the stationary regime and 10 Hz and 5 Hz for the transient regimes. 

In addition to the acicular and conventional thermocouples, a Cedip 
Titanium 560 M infrared thermographic camera with detector spectral 
range of 3.6–5.1 μm, thermal sensitivity of 20 mK and resolution of 640 
× 512 pixels was used. The thermal image was taken every 30 min for 
the stationary regime and at frequency 10 Hz for the transient regimes. 
An example of the thermal image is illustrated in Fig. 3. Analysis of the 
thermal image allowed determining the maximum temperature rise TIR 

in the visible region of contact and the average temperature rise Tcal in 
the visible part of the pin sample (for calibration purpose). Note that the 
values of TIR and Tcal should be considered as indicative due to uncer
tainty in the emissivity of the pin sample surface and the effect of re
flected background radiation. 

Fig. 2. Locations of the acicular and conventional thermocouples in the 
pin sample. 

Fig. 3. Thermal image obtained by infrared thermography (brake pads mate
rial, velocity step). 
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2.3. Friction materials 

The disc samples were made of 42CrMo4 steel with hardness 180 HB. 
The pin samples were manufactured from three friction materials of 
various classes. The first material was a 99.9% copper. This metal is 
often used in sliding electrical contacts. The second material was a 
multi-ingredient friction material used in car brake pads. It contained 
about 14 wt% iron in the form of steel fibre. The third material was a 
PA6G polyamide used for manufacturing sliding contact bearings and 
rollers. 

The relevant properties of the tested materials are given in Table 1. 
There is a decreasing trend in the density, elastic modulus, hardness and 
thermal conductivity for the sequence of copper – brake pads material – 
polyamide. Moreover, copper has drastically higher elastic modulus, 
hardness and thermal conductivity compared to the other materials. 
Note that the softer brake pads material and polyamide are charac
terised in Shore D hardness scale. 

2.4. Regimes of friction 

Each material was tested under four regimes of friction, as described 
in Table 2. The axial load on the pin sample was equal to 25 N for all 
regimes, which corresponded to the contact pressure of 0.5 MPa. In the 
stationary regime, the sliding velocity v (at the average friction radius) 
was constant. Three transient regimes were simulated differing in the 
behaviour of v, as shown in Fig. 4. The regime of velocity step implied a 
fast increase in v and maintaining its magnitude at a desired level. The 
regime of acceleration represented a nearly linear increase in v. The 
regime of deceleration implied a fast increase in v and subsequent nearly 
linear decrease in its magnitude. The values of the contact pressure, 
sliding velocity v and test duration were chosen in such a way as to 
provide sufficient temperature rise in the pin sample (in order to have 
temperature signal measurable with high accuracy); prevent excessive 
temperature rise (in order to minimise the temperature effects on the 
materials properties) and comply with the tribometer performance. The 
environment temperature was 20 ± 2 ◦C. 

3. Results and discussion 

3.1. Stationary regime 

Fig. 5 presents the experimental data obtained under the stationary 
conditions for each material. The plot on the left shows the behaviour of 
the friction force F and linear wear δ, whilst the one on the right shows 

the temperature curves of TAGT, TCT0.5, TCT1 and TIR measured by the 
acicular thermocouple, conventional thermocouple at 0.5 mm depth, 
conventional thermocouple at 1 mm depth and infrared camera, 
respectively. 

Fig. 5a corresponds to the copper pin sample. It can be seen that F is 
stable during the test with a slight trend to increase its value. The value 
of δ initially decreases, which can be explained by the thermal expansion 
of the pin and disc samples, and then increases practically in a linear 
manner, indicating a constant wear rate. TAGT, TCT0.5, TCT1 and TIR 

exhibit a typical transition to the stationary thermal state. TAGT from the 
acicular thermocouple is about 5% higher than TCT0.5, suggesting a more 
intensive heat generation in the contact region between the working 
part of the acicular thermocouple and the disc sample. TIR registered by 
the infrared camera corresponds well with TAGT as the stationary ther
mal state is reached. It is interesting that δ exceeds the 0.1 mm initial gap 
between the working part and friction surface, i.e. the acicular ther
mocouple gets involved in friction during the test. No qualitative 
changes can, however, be seen in the behaviour of TAGT. 

Fig. 5a also indicates that TCT0.5 and TCT1 from the conventional 
thermocouples are hardly distinguishable, implying almost uniform 
temperature distribution in the pin sample. This result is expectable due 

Table 1 
Properties of the tested materials.  

Property Copper Brake pads material Polyamide 

Density, g/cm3 8.9 2.6 1.1 
Elastic modulus, GPa 130 10 2.5 
Hardness 100 HBW 2.5/187.5 55 Shore D 51 Shore D 
Thermal conductivity, W/(m ◦C) 390 0.77 0.26 
Emissivity 0.75 (oxidised) 0.97 0.85  

Table 2 
Regimes of friction.  

Regime Number 
of tests 

Contact 
pressure 

Sliding velocity v Duration 

Stationary friction 2 0.5 MPa 2 m/s 60–180 min 
Transient 

friction 
Velocity step 10 0.5 MPa Increase from 0 to 2.7 m/s 1 s 

2.7 m/s 17 s 
Acceleration 10 0.5 MPa Linear increase from 0 to 2.7 m/s 18 s 
Deceleration 10 0.5 MPa Increase from 0 to 2.7 m/s 2 s 

Linear decrease from 2.7 m/s to 0 33 s  

Fig. 4. Change in the sliding velocity v in the transient regimes.  
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Fig. 5. Stationary regime: (a) copper; (b) brake pads material; (c) polyamide.  
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to a high thermal conductivity of copper (see Table 1). The average 
temperature rise Tcal in the visible part of the pin sample corresponds 
well with the temperature curve of TCT0.5, which can be considered as a 
rough validation of TIR obtained for the copper pin sample. 

Further, Fig. 5b shows the experimental data for the brake pads 
material. Here the variations in F are more noticeable in comparison 
with the previous case, which is likely caused by the inhomogeneity of 
the brake pads material due to the presence of steel fibres in it. TCT0.5 and 
TCT1 behave in a similar manner. There is about 13 ◦C difference be
tween them due to a substantially lower thermal conductivity of the 
brake pads material compared to copper (see Table 1). TIR follows the 
variations in TCT0.5 exceeding it by about 15 ◦C. Since TIR corresponds to 
the visible contact region, whilst TCT0.5 and TCT1 are measured at 
respective depths 0.5 mm and 1 mm, the approximate equality of 
TIR − TCT0.5 ≈ TCT0.5 − TCT1 implies a nearly linear temperature distri
bution (or, in other words, uniform heat flux) in the axial direction of the 
pin sample in the vicinity of the friction surface. TAGT practically co
incides with TIR in the initial interval of time. At the instance of about 90 
min, the acicular thermocouple gets involved in friction, whereafter 
TAGT has an oscillatory character, exceeding TIR by 18% on average. The 
oscillations in TAGT are the result of multiple frictional interactions be
tween the acicular thermocouple and disc sample. 

Finally, Fig. 5c illustrates the relevant data for the polyamide pin 
sample. It can be seen that a transient process lasting approximately 30 
min takes place. The value of F increases drastically. TAGT, TCT0.5 and 
TCT1 reach their stationary values in a similar manner. The difference 
between TIR and TAGT, between TAGT and TCT0.5, and between TCT0.5 and 
TCT1 is about 33 ◦C, 23 ◦C and 6 ◦C, respectively. These values reveal a 
substantially non-linear temperature distribution in the axial direction 
of the pin sample in the vicinity of the friction surface. As regards δ, its 
non-monotonic behaviour is governed by the wear process, thermal 
expansion of the pin and disc samples, transfer of the polyamide from 
the pin sample to the disc sample, etc. Since the value of δ remains 
within ±26 µm, the acicular thermocouple does not get involved in 
friction during the test, which is also confirmed by the smooth change in 
TAGT and after-test examination of the worn surfaces of the pin and disc 
samples. After about 50 min of the test, a significant drop of F can be 
seen, along with a decrease in TAGT, TCT0.5 and TCT1, which can be 
explained by the glass–liquid transition in the polyamide (its glass- 
transition temperature is about 50 ◦C). 

Thereby, stationary TAGT corresponds well with TIR for the copper 
pin sample. In the case of brake pads material, TAGT is about 18% higher 

than TIR for the acicular thermocouple involved in friction and coincides 
with TIR otherwise. As regards the polyamide, no reliable quantitative 
conclusions can be reached here due to the complicated temperature 
data and unstable frictional behaviour of this material at higher tem
peratures. 

3.2. Transient regimes 

The transient regimes are characterised by variable sliding velocity v, 
as described in Table 2 and Fig. 4. The studied materials exhibit stable 
behaviour of the friction force F in these regimes. For instance, Fig. 6 
presents the change in F in the regime of velocity step. It can be seen that 
the value of F for the polyamide is noticeably smaller in comparison with 
the values for copper and the brake pads material. Accordingly, the 
polyamide on steel pair generates less friction heat. 

Fig. 7 shows the transient temperature curves obtained for the cop
per pin sample. As it may be expected, the temperature curves of TCT0.5 
and TCT1 lie close to each other. Moreover, they are hardly distin
guishable in the regime of velocity step. TIR agrees surprisingly well with 
TCT0.5, although being slightly lower for the regime of velocity step and 
slightly higher for the regimes of acceleration and deceleration. The 
behaviour of TAGT is the most interesting. It can be seen that as compared 
to TCT0.5, TAGT is slightly higher for the regime of acceleration and 
considerably higher for the regimes of velocity step and deceleration. In 
the latter regime, TAGT reaches its maximum with about 2 s delay with 
respect to TCT0.5. Thereby, the mentioned deviation of TAGT from TCT0.5 is 
attributed to a more intensive heat generation in the contact region 
between the working part of the acicular thermocouple and disc sample 
along with the delay of TAGT. 

The liquid bath tests of the acicular thermocouple working part with 
diameter 0.41 mm showed that its response time is about 18 ms (Nosko 
et al. [27]). This value is comparable to those reported for the thermo
couples of similar wire-in-hollow-cylinder constructions used in aero
dynamic and hydrodynamic measurements (Mohammed et al. [30], 
Menezes and Bhat [31], Irimpan et al. [32], Manjhi and Kumar [36]). 
The 2 s delay of TAGT, observed in the present study, characterises the 
thermal inertia of the acicular thermocouple, i.e. its response to varia
tion in temperature at the sliding surface. This response is evidently 
slowed down by the thermal resistance at the interface between the 
working part and friction material. 

Fig. 8 shows the temperature curves obtained for the brake pads 
material. In contrast to the previous case, TIR oscillates with higher 
amplitude and is considerably higher than TCT0.5. Such a behaviour of 
TIR is attributed to a substantially lower thermal conductivity of the 
brake pads material compared to copper (see Table 1). TAGT exhibit 
random peaks due to the multiple involvement of the acicular thermo
couple in friction. In addition, a delay of TAGT with respect to TIR is seen 
in the regime of deceleration, similar to that for the copper pin sample 
(see Fig. 7). Despite the mentioned random variations in TAGT and TIR 

and delay of the former, there is acceptable agreement between these 
temperatures. 

Fig. 9 shows the temperature curves obtained for the polyamide. It 
can be seen that TCT0.5 and TCT1 take considerably smaller values 
compared to those for copper and the brake pads material, which is due 
to a very low thermal conductivity of the polyamide (see Table 1) along 
with a lower friction force F (see Fig. 6). The acicular thermocouple 
indicates abnormally high TAGT that exceeds TIR and TCT0.5 by order of 
magnitude. This result can be explained by a low elastic modulus of the 
polyamide (see Table 1). During the test, the polyamide pin sample is 
subjected to a large axial deformation and, accordingly, a significant 
fraction of the normal load is transferred to the working part of the 
acicular thermocouple, which leads to a disproportionally intensive heat 
generation in the contact region between the working part and disc 
sample. Apparently, under the mentioned conditions the acicular ther
mocouple cannot provide reliable and accurate measurement. The 
polyamide is therefore excluded from the further consideration. Note Fig. 6. Change in the friction force F in the regime of velocity step.  
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Fig. 7. Transient temperature curves of TAGT, TCT0.5, TCT1 and TIR for copper.  Fig. 8. Transient temperature curves of TAGT, TCT0.5, TCT1 and TIR for the brake 
pads material. 
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that due to technical reasons the temperature data of TIR were not ob
tained in the regimes of velocity step and acceleration and, accordingly, 
are not presented in Fig. 9. 

The experimental data from the test repetitions allow evaluating the 
test-retest reliability of the acicular thermocouple. Fig. 10 shows the 
temperature curves of TAGT obtained in 3 consecutive tests of each 
transient regime. In the case of copper (Fig. 10a), the temperature curves 
agree well with each other. As regards the brake pads material 
(Fig. 10b), a larger scatter of the temperature curves occurs. There are 
individual peaks of TAGT due to the involvement of the acicular ther
mocouple in friction, however, these peaks are relatively short in time 
and do not introduce a global distortion to the temperature curve. 

The measurement accuracy of the acicular thermocouple is estimated 
with respect to the temperature rise TIR registered by the infrared 
camera. Fig. 11 illustrates the mean relative deviation ε of TAGT from TIR 

during the test for the stationary and transient regimes. The top end of 
the bar indicates the mean value of ε, while the line segment indicates 
the standard deviation of ε across the tests. Within the transient regimes, 
ε makes up 7–15% for copper, whilst it is 10–19% for the brake pads 
material. The smaller deviation ε for copper can be explained by the fact 
that copper is significantly stiffer than the brake pads material (see 
Table 1) and, accordingly, the copper pin sample undergoes smaller 
axial deformations, implying a lower excessive normal load on the 
working part of the acicular thermocouple. It is remarkable that ε takes a 
larger value in the regime of deceleration for both copper and brake pads 
material, which is attributed to the thermal inertia of the acicular 
thermocouple. 

Thus, the obtained findings suggest that the acicular thermocouple 
technique is applicable to stiffer friction materials, like copper or brake 
pads material, under stationary or slowly changing conditions. The 
technique applicability to short-duration transient regimes is limited by 
the thermal inertia of the acicular thermocouple characterised by about 
2 s temperature response delay. This problem can be most probably 
overcome by developing acicular thermocouples that possess a smaller 
working part and reducing the thermal resistance between the working 
part and friction material. However, the possibility to extend the tech
nique application to more pliable and softer materials, like polyamide, 
remains questionable and may be the subject of future studies. 

4. Conclusions 

The reliability and accuracy of the acicular grindable thermocouple 
technique were experimentally investigated for the friction materials of 
various classes, including copper, brake pads material and polyamide. 
The mentioned materials in the form of pin samples were tested against 
steel disc samples under stationary regime and three transient regimes, 
namely, velocity step, acceleration and deceleration. The measurement 
accuracy of the acicular thermocouple was estimated by comparing its 
signal TAGT with the temperature rise TIR registered by infrared ther
mography. The main findings of the study can be summarised as follows.  

• Under the stationary regime, TAGT agrees well with TIR for copper, 
whilst TAGT exceeds TIR by about 18% when the acicular thermo
couple is involved in friction for the brake pads material.  

• In general, the measurements by the acicular thermocouples are test- 
retest reliable for copper and the brake pads material.  

• Under the transient regimes, the mean relative deviation of TAGT 

from TIR makes up 7–15% for copper and 10–19% for the brake pads 
material.  

• The thermal inertia of the acicular thermocouple is characterised by 
a temperature response delay of about 2 s. The delay is especially 
considerable in the regime of deceleration.  

• The acicular thermocouple indicates abnormally high temperature 
for the polyamide, which is caused by the deformation of this rela
tively pliable material and associated transfer of a significant fraction 
of the normal load to the acicular thermocouple. 

Fig. 9. Transient temperature curves of TAGT, TCT0.5, TCT1 and TIR for 
the polyamide. 
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