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a b s t r a c t

In machining processes, surface roughness and dimensional accuracy of machined parts depend on tool
wear. Cemented carbide based cutting tools remain widely used in machining processes for their wear
resistance. The aim of this paper is to study wear mechanisms of a WC–Co cutting tool grade under tri-
bological conditions. Dry friction experiments are carried out on a high-speed pin-on-disc tribometer
considering WC–Co pins against steel discs made of an AISI 1045 grade. Furthermore, two type-K ther-
mocouples are embedded in WC–Co pins in order to estimate the contact temperature during sliding
tests. A large sliding speed range is considered: from 60 up to 600 m/min. Results deal with wear rate
versus tribological conditions, evolution of friction coefficient and temperature versus sliding speed and
evolution of wear mechanisms. WC–Co tribological pins exhibit different wear mechanisms: abrasion,
adhesion, transgranular WC micro-cracking and WC/WC debonding. Circulation of debris in the friction
contact depends on sliding speed and on test duration. The evolution of surface temperature versus fric-
tion coefficient is studied too. Furthermore, a particular attention is paid on the relationship between the
thermal energy in the pin and the mechanical energy in the contact. The thermal energy is calculated from
the temperature values of K-thermocouples and the mechanical energy dissipated in the pin is calculated
from friction coefficient evolutions. Relationships are established through modelling approaches.

1. Introduction

WC–Co cemented carbides are extensively used as cutting tools
in machining processes for their excellent wear resistance. In
machining process, cutting tools are generally subjected to severe
mechanical and thermal conditions. Such conditions influence con-
siderably cutting tool wear. The study of the cutting tool wear
still remains a challenge in cutting process because it depends on
the temperature level and on friction conditions at tool/chip and
tool/workpiece interfaces. During machining process, conditions at
these interfaces are not fully understood. Several studies [1–4] were
performed in laboratory tribological conditions (pin/disc friction
conditions) to fully understand wear mechanisms at tool/chip and
tool/workpiece interfaces. To study wear of machining tools, Yang
[1,2] developed a moving pin technique for pin-on-disc wear test-
ing using the whole disc surface area. Using three different disc
steel grades, he showed that the wear coefficient obtained with the
moving pin tribometer is more consistent than the one obtained by
classic friction test (stationary pin test) for the same friction con-
ditions. The highest wear rates obtained in the case of the moving
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pin are explained because the pin always slides on a new surface.
Moreover, mechanical characteristics of the disc remain constant.
In addition, the comparison of the wear coefficient between tri-
bological pins and insert tips used in turning operation showed a
difference of one order of magnitude. It is suggested that the high
turning temperature at the tool–chip interface may have lowered
the hardness of the work material during the turning operation
to give the lower wear coefficient values. To take into account the
temperature effect in tribological tests, Yang [3] investigated wear
coefficient of tungsten carbide on a high temperature pin-on-disc
tribometer. To simulate the turning operation, the vertical align-
ment of the pin is modified to achieve different contact surfaces.

Whatever test temperatures, the pin wear coefficient is always
more important than insert tips. For high temperature friction tests,
they observed that the most involved wear mechanism is adhesive
wear without any deep grooves and with the presence of debris.
At room temperature abrasive wear is predominant. This observa-
tion showed that the temperature plays an important role in wear
mechanisms. Jianxin et al. [5] studied friction and wear behavior
of WC tools with a PVD ZrN coating in sliding wear (20–100 N and
0.2–1 m/s) and in machining processes. With the sliding wear tests
they showed that the coated carbides offer the best abrasive resis-
tance and the same conclusion is obtained for cutting operations.

Therefore, some authors have used tribological tests to measure
wear coefficient and to understand wear mechanisms of carbide
tools.



Fig. 1. (a) Global view of the high-speed tribometer; (b) tribological pin in contact with the disc; (c) pin design and thermocouples location.

Fig. 2. Microstructure of the WC–Co grade and WC grain size.

Nevertheless, machining processes have some differences with
tests of sliding wear (contact area, chip formation, chip plas-
tic deformation, chip geometry, heat generated during cutting,
temperature level, etc.). Indeed, pin-on-disc friction tests can be
viewed as the continuous friction between flank-face and work-
piece. This comparison is less convincing for the instantaneous
friction between rake face and chip during cutting process. On the
other hand, during cutting processes, the generated microchips can
be embedded between surfaces in friction and can play a part as
debris like in tribological tests. Moreover, the temperature of the
interface is a parameter that affects the mechanical and thermo-
physical properties of cemented carbides [6,7]. The aim of this paper
is to study the relationship between the temperature generated by
friction and wear of WC–Co tool grade. The tribological tests are
performed with a pin-on-disc tribometer at a very high sliding
speed (10 m/s). The study focuses on SEM analysis of worn sur-
faces of the pins, calculations of wear parameters and temperature
measurements. An analysis of the temperature evolutions versus
friction coefficient and wear mechanisms at different conditions
are investigated.

2. Experiments and materials

2.1. High-speed tribometer

Friction tests are carried out with a very high-speed pin-on-disc
tribometer in dry conditions. The disc is 170 mm in diameter and
10 mm in thickness. The disc has a continuous rotating movement
and the rotating speed can vary from 30 to 3000 rpm. Linear slid-
ing speed depends on radius of the wear track and can range from
0.05 to 30 m/s (Fig. 1a). The pin has a cylindrical shape (diameter
10 mm) with a truncated conic and with a flat circular surface of
2 mm in diameter (contact surface). Before any test, the pin and the
disc are cleaned using dry air and the pin is cleaned in an ultrasonic
tank using acetone and ethanol. The normal loading is carried out
by dead weights. The tangential force (friction) is measured using a
strain gauge located in the friction plane. Two type-K thermocou-
ples are embedded in the pin to measure the temperature evolution
during friction. The thermocouple holes are 0.6 mm in diameter and
the thermocouple diameter is 0.5 mm. The first (TC1) and the sec-
ond (TC2) thermocouples are embedded respectively at 1 mm and

at 3 mm from the contact surface of the pin (Fig. 1b and c). The dis-
tance between the two thermocouples is always 2 mm. To be sure
that the thermocouples are well embedded, a silver glue is used.

The temperatures (TC1 and TC2) of the pin and the friction forces
are directly recorded during the test with a software developed on
LABVIEW. The data sampling frequency for temperatures and for
friction forces is 10 Hz.

2.2. Materials

The disc steel grade is AISI 1045. It is a medium carbon content
steel with a perlito-ferritic microstructure. The cemented carbide
pin is composed of tungsten carbide grains and of a cobalt binder
(WC–6.5 wt.% Co grade G1 K20). The grain shape is polygonal and
their largest size is in the range of 350 nm to 2 !m (Fig. 2). The
WC–Co hardness is 1550 HV10 and the density is 14.90 g/cm3.

2.3. Set-up conditions

Several friction tests are carried out under various sliding speeds
to reproduce wear mechanisms as observed at the surface of
machining tools. In comparison of tribological machining wear
mechanisms, criterion that are considered deal with similarities
between microstructural evolutions of the contact surfaces. The
frame of the tribometer is able to bear very high-speed tests but
it is designed for normal loadings less than 100 N. For this rea-
son, the used normal load is preferentially 60 N. For one sliding
speed and different durations, tests are performed to measure
the evolution of the pin wear. The test conditions are listed in
Table 1.

From the experimental values (friction force, pin height loss and
thermocouple temperatures), four physical quantities are deter-
mined to compare and explain our results. They deal with the pin
wear volume, the pin wear rate, the mechanical cumulated energy

Table 1
Test conditions.

Load, 60 N

Sliding speed (m/min) 60 100 300 400 600
Test durations (min) 120 15 15 5, 15, 60 17, 27, 60, 120



dissipated by friction in the contact and the heat energy cumulated
in the pin.

The pin wear volume (WV) is calculated from the diameter devi-
ation of the unworn (D1) and worn (D2) surface (Eq. (1)). The wear
volume (WR) is obtained considering Eq. (2).

WV = !
24

(D2 − D1)(D2
1 + D2

2 + D1D2) (1)

WR = WV
FNL

(2)

where WV (mm3) is the pin wear volume, WR (mm3/(N m)) the pin
wear rate, D1 and D2 (mm) respectively the mean value of an initial
diameter and of a final diameter of the pin contact surface, FN (N)
is a normal load, and L (m) is the sliding distance.

The mechanical cumulated energy dissipated by friction in the
contact (EMC) (Eq. (3)) is directly calculated from the friction curve
versus test duration (cumulative energy). The energy dissipated in
the contact is the work of the friction force. For each time interval
"t, the dissipated energy "E can be calculated with Eq. (3). Con-
sidering the mean value of the friction coefficient and assuming a
constant sliding speed and normal load, Eq. (4) can be used:

"E = FNV

∫ "t

0
#(t) dt = FNV#̄i "t (3)

EMC =
∑

"E =
n∑

i=0

FNV#̄i "t (4)

where EMC (J) is a mechanical cumulated energy dissipated by fric-
tion in the contact, V (m/s) is linear sliding speed, "t is increment
of time (s), n is total number of data measures (tf/"t), tf is friction
test duration (s), FN is friction force, and #̄i is the mean value of
Coulomb friction coefficient during the time interval "t.

The mechanical cumulated energy dissipated by friction only
in the pin (EMP) is a fraction of the mechanical cumulated energy
dissipated by friction in the contact (EMC) (Eq. (5)). It depends on
the partition coefficient (ˇ) calculated with the Peclet number. The
partition coefficient is expressed versus linear sliding speed (V) in
Eq. (6) (Appendix A).

EMP = ˇEMC (5)

ˇ = 1.66V− 0.385 (6)

The heat energy cumulated in the pin (ETP) measured from the
deviation of the two temperatures (TC1 and TC2) is given in Eq.
(7), considering a unidirectional thermal conduction with spherical
coordinates (Appendix B).

ETP = S
$p

"h

n∑

i=0

"Ti "t (7)

where ETP (J) is the heat energy cumulated in the pin (J), $p
(W/(m ◦C)) the thermal conductivity of the pin, S the considered sur-
face (m2), "h (m) the distance between the two thermocouples, and
"T(t) = TC1(t) − TC2(t) (◦C) is the deviation between temperature of
TC1 and TC2.

2.4. Analyses

Optical microscopy, and scanning electronic microscopy (SEM)
and energy dispersive spectrometry (EDS) are used to analyze
WC–Co pin surfaces and pin cross-sections. For the last ones, the
surface cut is made in a direction parallel to the friction direction
(AA′ orientation) or perpendicular to the friction direction (BB′ ori-
entation). The topography of the wear surface of the pins is carried
out with a confocal microscope.

Fig. 3. Friction coefficient versus sliding speed (normal load: 60 N).

3. Results and discussion

3.1. Evolution of the friction coefficient

For each test, a mean value of friction coefficient is calculated
from the friction coefficient curve. For a normal load of 60 N, the
mean friction coefficient versus sliding speed is plotted in Fig. 3. The
friction coefficient decreases when the speed increases (0.63–0.4).
Two phenomena can be considered to explain this linear decrease:
(i) the debris circulation into the contact and (ii) the increase of
the contact surface temperature. In the first case, debris circula-
tion induces that more the sliding speed is high more the pin is
worn. The WC–Co particles are smashed to powder in the contact
and participate to the friction as a third-body. The pin wear will be
discussed in the next subsection. Furthermore, the increase of the
contact temperature leads to damage the mechanical properties of
the two antagonists, particularly the disc ones.

The dependence between the evolution of the friction and the
thermocouple temperature one is also very high (Fig. 4). If the
temperature level is directly dependent on the mechanical energy
dissipated in the contact (thus on the product between contact
pressure and sliding speed), the temperature evolutions are result-
ing from the friction and consequently from the circulation of debris
in the contact. In this approach, the influence of the pin height loss is
not taken into account even if it could influence the measured tem-
peratures. Considering that in our tests, the maximum pin height
loss is equal to 0.13 mm after 1 h of test, and considering the quasi-
steady state of the temperature evolution, it could be assumed that
the level of the temperature is slightly influenced by this parameter.

Fig. 4. Mean friction coefficient versus mean temperature of thermocouple TC1
(V = 60–100–300–400–600 m/min; FN = 60 N, test durations are given in Table 1).



Fig. 5. Pin wear volume (WV) versus mechanical energy given in the contact (sliding
distance × normal load) (normal load: 60 N).

3.2. Evolution of the pin wear volume

For the different sliding speeds and test durations, the plot of
the wear volume of WC–Co pins versus the mechanical energy into
the contact (sliding distance × normal load) is considered as linear
and verifies the Archard law (Fig. 5). The pin wear rate (WR) is equal
to 2.44E− 7 (mm3/(N m)).

The plot of the wear volume of WC–Co pins versus the mechan-
ical energy dissipated in the pin (EMP) is also considered as linear
(Fig. 6). In this case, the curve slope is equal to 4.16E− 6 (mm3/(N m)).
Even if the partition coefficient (ˇ) is not a constant value, the same
trend is obtained with the mechanical energy dissipated by friction
only on the contact (EMP).

For the pin, whatever the different sliding speeds for a nor-
mal loading of 60 N, the curve trends are linear. It means that the
kinetic of pin debris generation is constant with a wear rate of
2.44E− 7 (mm3/(N m)). If the kinetic is the same, the linear trends
can also indicate that the mechanisms of wear loss can be con-
sidered as being the same. Several authors [8] already studied the
linear dependence between dissipated energy and wear loss.

3.3. Pin wear mechanisms

3.3.1. Macroscopic scale considering friction and thermocouple
temperature evolutions

The evolutions of the friction coefficient and of the thermocou-
ple temperatures are given for a 600 m/min sliding speed, a normal
load of 60 N and a test duration of 1 h (Figs. 7 and 8).

These figures show that similarities exist between temperature
and friction coefficient evolutions versus time. The friction curve

Fig. 6. Pin wear volume (WV) versus mechanical energy dissipated by friction in the
pin (EMP) (normal load: 60 N).

Fig. 7. Friction coefficient evolution versus time (V = 600 m/min; normal load: 60 N).

presents several stages with more or less large fluctuations. The fric-
tion coefficient as well as the thermocouple temperatures reaches
a steady state after a short-term period (200 s). Decrease of the fric-
tion coefficient during this stage (stage 1) is related to a mechanical
accommodation between the antagonists and to a “polishing pro-
cess” of the WC–Co pin surface. At high sliding speed, during the
first moments of friction, shocks between asperities of the antag-
onists induce sparks and an increase of the mean temperature [9].
During tests, sparks were clearly observed at the pin incoming. For
a speed of 600 m/min, the temperature of the first thermocouple
TC1 is higher than 300 ◦C after 3 s of friction and reach 400 ◦C after
25 s (Fig. 8). The very fast increase of temperature during this stage
results from the break of initial asperities at the first time of the
friction between the two antagonists. After this stage, the friction
coefficient is constant as well as the mean temperature (stage 2).
Observing such a steady state means that the wear mechanism of
the pin is constant during the test duration and that the boundary
conditions in terms of heat convection exchanges around the pin
are quite a constant.

Curves are generally composed of regular fluctuations with a
frequency less than 1 Hz (Figs. 7 and 8). They probably result from
the tribometer frame vibrations and of large random fluctuations
due to the debris evolution in the contact.

Large variations of the friction coefficient and of the tempera-
ture are noticed after stage 2 (other tests confirm these evolutions).
Authors [10] previously observed such a phenomenon. The very
hard WC debris contributes as a third-body in the friction contact
to form deep scratches parallel to the friction direction at the pin
contact surface (Fig. 9). And circulation of hard particles into the
contact could explain these large variations of the friction coeffi-

Fig. 8. Temperature evolution versus time (V = 600 m/min; normal load: 60 N).



Fig. 9. Pin surface topography (V = 600 m/min; P = 60 N; t = 60 min).

cient evolution. It is assumed that circulating debris are essentially
made of WC–Co because steel ones (iron debris) are preferentially
transferred at the pin surface.

3.3.2. Microscopic scale considering SEM observations and EDS
analyses

SEM observations of the pin deal with contact surface exam-
inations and with cross-section ones. The wear modes observed
are micro-plastic deformation and micro-cracks initiation of WC
grains. Compared to the WC phase, the binder phase is very soft.
Under high shear stress levels, the cobalt binder phase can flow
at the microscopic scale and induces direct contacts between WC
grains. As seen in Fig. 10, the polygonal grain shape induces stress
concentration and micro-cracks initiation [11,12]. The weak tough-
ness of WC (about 10 MPa

√
m) could explain the fast propagation

of the cracks through the grains. Plastic deformation of WC grains
is also observed (Fig. 11). In addition, under huge local shear
stresses, WC fragments are removed from the matrix and act as
abrasive debris in the contact to contribute to the scratches forma-
tion. Grains fragmentation and grains debonding are observed in
Fig. 12.

For 600 m/min, abrasive scratches and iron oxide transfer are
observed at the pin contact surfaces (Fig. 13). The scratches are
generated by the debris flow through the friction contact. Oxygen is
always detected in the iron-rich transfer made of iron oxide. Thus,
disc wear is involved in transfer debris at the pin surface. The trans-
fer layer thickness is generally very low (2–3 !m) (Fig. 14) even if in
some cross-sections the thickness could reach 10 !m. The transfer
is essentially composed of iron oxide (Fig. 14). Below 600 m/min, no
macroscopic transfer is observed at the pin contact surface. Further-
more, a lot of small iron oxide transfer areas are dispersed through

Fig. 10. SEM micrograph of the pin cross-section (AA′ orientation) (600 m/min
–60 N–1 h). Observation of WC micro-cracks due to shear stresses.

Fig. 11. SEM micrograph of the pin cross-section (600 m/min–60 N–2 h). Observa-
tion of WC plastic deformation due to shear stresses and to the polygonal shape of
WC grains.

Fig. 12. SEM micrograph of the pin cross-section (600 m/min–60 N–17 min). Obser-
vation of WC debonding and of WC fragmentation.

Fig. 13. SEM micrograph of the pin contact surface (600 m/min–60 N–27 min).
Observation of iron oxide transfer at the pin contact surface.



Fig. 14. SEM micrograph of the pin cross-section (600 m/min–60 N–1 h). Observation of the thickness of the iron oxide transfer (EDS analysis: iron oxide).

Fig. 15. SEM micrographs of the pin contact surface (600 m/min–60 N–1 h): (a) global view, (b) point A and (c) point B.

the material (Fig. 15, points C and D), at the spaces between WC
grains (grain boundaries, triple points, etc.).

Finally, the macroscopic layers generated by transfer mecha-
nisms of the iron disc are essentially detected for test durations
higher than 17 min. Therefore, it can be concluded that occurrence
of transfer mechanisms take place at the same time that the large
fluctuations and the low increase of values on the friction curves
(after the stage 2) and on the thermocouple ones (Figs. 7 and 8).
Therefore, adhesion could be a wear mechanism that induces more
energy dissipation than abrasion or groove formation.

3.4. Consideration of energies dissipated in pin wear

The wear mechanisms of pins are depending on the energy dis-
sipated in the contact by friction (EMC). The temperature increase
in the pin is directly linked to the large part of mechanical energy
dissipated in the contact. We make assumption that the whole dis-
sipated energy in the pin (EMP) is transformed in heat, leading to an
increase of the thermocouple temperature. So, energy consumed
for plastic deformation of the sub-contact layers and energy of the
secondary processes (e.g. acoustic emission, oxidation, failure, etc.)
are neglected.

In this subsection, we are studying both the level of the dis-
sipated power and of the dissipated energy, leading to pin wear
mechanisms. As previously written, two energy and power quanti-
ties can be calculated from measurements: the mechanical energy
dissipated in the contact (EMC) by measuring the friction coefficient
(Eq. (4)) and the thermal energy dissipated in the pin (ETP) (Eq. (7))
by measuring the temperature deviation between the two thermo-
couples TC1 and TC2. From EMC and using the partition coefficient,
the mechanical energy dissipated in the pin (EMP) is calculated
(Eq. (5)). Powers corresponding to these energies are considered
as being equal to the ratio “dissipated energy/total test duration”
(e.g. PTP = Power and ETP = Energy). The power values are instanta-

neous quantities and not cumulated ones. In power values, the test
duration is not taken into account.

For very high sliding speeds (≥300 m/min), the thermal power
dissipated (PTP) in the pin and the thermocouple temperature (TC1
measured after 15 min of test duration) are slightly speed depend-
ing (Figs. 16 and 17). For low sliding speeds (<300 m/min), the
thermal power dissipated in the pin and the thermocouple temper-
atures are strongly speed depending. These two levels of thermal
power dissipated in the pin must be related to the debris circu-
lation in the tribo-contact. For PTP high levels, scratches and iron
transfer at the pin contact surface are observed after a short time
test (15 min). Temperatures are also very high. For PTP low levels,
even after 2 h of test, no scratches and no transfer at the pin contact
surface are observed and the temperature remains low. Only the
contact surface of the pin is polished.

The thermal energy dissipated in the pin (ETP) plotted versus
the mechanical one (EMP) has a linear dependence with a slope
coefficient equal to 1.13 (Fig. 18). That means that 88.5% of EMP is

Fig. 16. Thermal power dissipated in the pin versus sliding speed (FN = 60 N).



Fig. 17. Mean temperature of the TC1 thermocouple versus sliding speed (FN = 60 N;
time = 15 min).

Fig. 18. Mechanical energy dissipated in the pin versus thermal energy dissipated
in the pin.

transformed into a thermal energy. The last 11.5% of this energy are
lost in convection and wear phenomena.

4. Conclusions

Friction and wear of a WC–Co cemented carbide are studied on
a very high sliding-speed tribometer. Tests have been carried out
with a constant normal load and various sliding speeds and test
durations. Two thermocouples have been embedded in the pin to
quantify the thermal cumulated energy dissipated in the pin. Wear
parameters and temperature measurements have been performed
to better understand the wear mechanisms of the WC–Co pins.

The friction coefficient decreases when the sliding speed and the
pin temperature increase. The friction coefficient and the temper-
ature curves always have the same evolution versus test duration.
The wear volume of the pin is directly depending on the mechan-
ical energy dissipated in the pin. At low sliding speeds, the wear
mechanisms of the pin deal with plastic deformation and micro-
cracking of WC grains, fragmentation and debonding of WC grains
and polishing of the pin contact surface. At high sliding speeds, a
supplementary wear mechanism is observed. It deals with transfer
of iron oxide. When iron transfer appears, the friction coefficient
and temperature curves versus test duration are very chaotic. The
thermal power dissipated in the pin depends on the sliding speed.
88.5% of the mechanical energy dissipated in the pin are trans-
formed into thermal energy. The last percents of this energy are
lost in convection and wear phenomena. It seems that adhesion
(iron transfer) plays an important part in this energy because fluc-
tuations of friction coefficient and temperature, versus time, are
very high when adhesion appears.

Appendix A

To determine the part of the dissipated energy in the pin, it is
supposed that all the mechanical energy dissipated in the contact
is converted into heat. The generated heat is distributed between
the pin and the disc. The calculation of dissipated energy in the pin
(EMP) is based on the determination of a heat partition coefficient
(ˇ) and total dissipated energy (EMC). This coefficient is related to
experimental conditions. For high-speed sliding tests, it depends
on the dimensionless thermal number Pe (Peclet number) and can
be determined following Eq. (A1).

ˇ =
$p

$p +
(

$d
√

! Pe/2
) and Pe = Vd

˛p
(A1)

where V (m/s) is the sliding speed, ˛p (m2/s) the thermal diffusivity
of the pin (˛p = $p/%pcp), $p (W/(m ◦C)) the thermal conductivity of
the pin and $d (W/(m ◦C)) the thermal conductivity of the disc.

Appendix B

The thermal energy dissipated in the pin (ETP) is calculated using
Eq. (7). It is based on some assumptions. Numerical simulation
investigations performed to determine pin contact surface temper-
ature [13] showed that isothermal surfaces have a spherical form
(due to the conical shape of the pin). We consider that for long test
times, the temperature reaches a steady state. In this case, heat con-
duction is the principal heat transfer mode. Considering a hollow
sphere, if a flux is applied on the interior surface of the sphere and
if it is considered that, there is not loss of energy, the same quan-
tity of flux is fully transmitted to the outside surface of the sphere
(Fig. B1). On the one hand, we consider that the angle between
points of thermocouples implantation is very small. In this way,
it is supposed that points of measurement are located on a same
radius. Based on these assumptions, the heat flux density can be
calculated using Eq. (B1). On the other hand, it is considered that
the heat flux density calculated using Eq. (B1) is applied on the sur-
face (S) of the spherical cap passing by thermocouple TC1. So the
total thermal energy dissipated in the pin (ETP) during the test is
calculated using the following equation (B2).

ϕi TP =
$p

"h
"Ti (B1)

ETP = S
$p

"h

n∑

i=0

"Ti "t (B2)

S = 2!r2(1 − cos ') (B3)

where ' is the half angle and r (m) is the radius of the sphere passing
by thermocouple TC1.

Fig. B1. Conical pin configuration and spherical cap.
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