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In the �eld of explosion protection, measures must be taken to prevent ignition sources due to mechanical friction and impact.
One of the most dangerous sources of ignition in methane-air mixtures is sparks, which are easily induced by friction and impact
from light metals. In general, sparks and hot surfaces are coexistent in the friction processes of metal contacts.  e questions are
whether sparks are a truly e�ective ignition source and whether the nature of materials plays a decisive role in the ignition ability of
sparks.  erefore, this research focuses on the temperature of hot surfaces and sparks generated by friction between pure copper,
Q235A steel, and TC4 titanium alloy and the grinding wheel.  e e�ect of the relative rotating speed on the friction temperature
and friction spark characteristics is investigated. e result indicates that friction sparks are indeed easier to detonate gas than hot
surfaces. Moreover, a mathematical model based on the heat transfer theory is used to prove that the sparks induced by friction
from TC4 alloys are more hazardous than those induced by friction from copper and Q235A steel.  e factors a�ecting the energy
released by sparks are listed in the formula.

1. Introduction

Reducing the weight of components is one of the most
e�ective ways to improve product properties and meet the
needs of economy and ecology [1]. Lightweight components
can be implemented with light shells, light space-frame
structures, or mixed constructions [2].  e weight can be
reduced by more than half by replacing the steel shell with a
light metal shell. Bulky steel and copper materials are still
widely used in explosive atmospheres [3]. Bronze, a non-
sparking material, is generally used in the �eld of explosion
protection (e.g., for hand tools) [4]. Steel materials are al-
ways applied as �ameproof enclosures to isolate electrical
equipment from explosive atmospheres in hazardous areas
(e.g., for coal mine rescue robots) [5]. However, both copper
and steel materials are too heavy to save energy. Further-
more, bulky coal mine rescue robots may result in a poor
walking performance to enter the disaster site [6–10].
 erefore, lightweight construction is urgently needed. To
date, replacing bulky steel and copper materials with high-

strength light metal materials is an e�ective method to
address the above problems.

Generally, titanium alloy materials have low density
(about 58% of steel materials), high-temperature resistance
(favorable mechanical properties at 500°C), corrosion re-
sistance, good low-temperature performance, and good
biocompatibility. Moreover, they exhibit high speci�c
strength (3.5 times than that of stainless steel, 1.3 times than
that of aluminum alloy, and 1.7 times than that of mag-
nesium alloy). Hence, they are intensively used in aerospace,
marine, chemical, weapon biological medicine, and other
�elds [11–13]. However, industries dealing with �ammable
or explosive items must take measures to prevent ignition
sources due to mechanical friction and impacts [14]. Sparks
and hot surfaces induced by the mechanical friction and
impacts of light metal materials are the main causes for the
ignition of explosive atmospheres. Maybe because of the
hazard of light metal materials used in explosive atmo-
spheres, more research studies on hot surfaces and sparks of
friction and impact were focused on that of copper and
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stainless-steel materials. Previous studies on hot surfaces and
sparks have made the cause of ignition increasingly clear.
Aluminum bronze had been shown to produce no friction
sparks when the friction velocities are between 1m/s and
20m/s and surface pressures are between 1N/mm2 and
40N/mm2. However, hot surfaces generated by the friction
of aluminum bronze had capability of igniting explosive gas
[4]. Meyer et al. [15] studied the hot surfaces generated by
friction contacts of five different types of steel and their
effectiveness for igniting hydrogen, propane, ethylene,
pentane, and diethyl ether. It was found that the effectiveness
of the hot surfaces was dominated by surface-related power
density not only by relative velocity. A limiting relative
velocity was used to describe these ignitions in the past that
had no guarantee of safety. If no sparks were generated
during friction and impact, the safety of the hot surfaces
could be ensured by limiting the surface-related power
density [4, 15].

For impacts, Holländer et al. [16] used a torsion spring to
drive the samples fixed under a hammer. +e pin shape
samples were made of stainless steel, and the grazing impact
was performed to test their ignition ability for explosive gas.
+e result shows that the ignition probability increased with
increasing kinetic energy. Proust et al. [17] developed a
device to study the ignition of explosive atmospheres by
impacts using a special “air-driven cannon” to propel a
projectile accurately onto an inclined target. +e results of
several tests with hard steel, mild steel, bronze, pure alu-
minum, and quartz indicated that the relevant parameter for
ignition was velocity and the nature of the material was not
kinetic energy. +e parameters that affect hot surfaces and
sparks are dissected in increasing detail.

+en, titanium alloy materials used in explosive atmo-
spheres, hot surfaces, and sparks would be an effective ig-
nition source and were the sparks generated by titanium
alloy more dangerous than those generated by steel and
copper. +e above reports did not describe the appearance
and factors affecting the release of heat for sparks. Fur-
thermore, the two points may be closely linked to the ef-
fective ignition source during the coexistence of both sparks
and hot surfaces. +is study aims to verify whether the ti-
tanium alloy ignites the methane-air mixture more easily
than steel and copper. Hot surfaces or friction sparks would
become effective ignition sources for the ethane-air mixture,
and sparks of titanium alloy are more likely to be an ignition
source than those of copper and steel.

2. Experiments

In order to be able to clearly observe the friction sparks at
low loads and low relative speeds, the experimental setup
was forged via a friction sheet that was pressed onto the
rotating friction grinding wheel (Figure 1). +e temperature
distribution was detected by an infrared camera, and friction
sparks were captured by a high-speed camera with a re-
cording speed of 2000 frames per second. +e indoor
temperature was 30°C during experiments. +e rotating
velocity can be adjusted between 0 and 10000 n/min. +e
diameter of the grinding wheel was 100 cm. Experiments

were carried out with three different materials that were TC4
titanium alloy, Q235A steel, and pure copper (steel and
copper are safe to use in coal mines; Q235A steel is used as an
impact partner to examine light alloys in the drop type
testing apparatus).

3. Results and Discussion

3.1. %ermal Development of TC4, Q235A, and Cu. +e
temperature distribution on the surface of friction partners
was clearly observed in the recording of the infrared camera,
and the highest temperature appeared at the friction contact
point, which increased with time and then gradually sta-
bilized. Figure 2 shows the stable temperature distribution of
the TC4 sample in the friction situation at different rotating
speeds. From images 1 to 5, the rotation speed of grinding
wheel is 3000 n/min (31.4m/s), 4000 n/min (41.9m/s),
5000 n/min (52.3m/s), 6000 n/min (62.8m/s), and 7000 n/
min (73.2m/s), respectively. Based on the above results, the
curves of the maximum temperature of the friction area with
time are shown in Figure 3. Image 6 of Figure 1 is an ac-
cidental transient high temperature that occurs during
friction at a speed of 73.2m/s. A similar instantaneous high
temperature occasionally appears at different frictional
speeds.+e higher the speed, the higher the value has. When
this sudden change in temperature occurs, the friction
sparks increase instantaneously, and a clear spark explosion
sound could be heard. It is presumed that the wear debris
increases the instantaneous coefficient of friction. It can be
explained that the friction heat ignites the small debris,
increasing the friction temperature and the number of
sparks. In any case, the relative speed and temperature of
frictions are directly related to the generation of frictional
sparks.

+e friction temperatures of Q235A and Cu have similar
characteristics and increase linearly with the rotating speed.
Figure 4 shows the comparison of friction temperature-
rotating speed curves of three materials. +e friction tem-
perature order at the same friction conditions is described as
Cu>Q235A>TC4. According to the simplified equation of
friction heat generation and dissipation equation,

q �
4
π

λ1 + λ2( 
A

R
T − T0( , (1)

where q is the heat generated by friction, λ is the thermal
conductivity of the friction pair,A is the contact area, R is the
radiation radius of the contact area, T is the temperature of
the hot surface, and T0 is the ambient temperature.

When the same frictional heat is generated, the higher
the thermal conductivity is, the lower the hot surface
temperature is.+en, the heat relationship between the three
materials is Cu>Q235A>TC4.

Under the same friction condition, the friction heat and
hot surface temperature of copper are the highest. Previous
studies have shown that there is basically no friction spark
when the relative velocity of friction is less than 1m/s. If
there are no friction sparks, the friction hot surfaces are the
only potential ignition source. +e hot surfaces generated by
Cu are the most hazardous than those generated by Q235A
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and TC4. +erefore, it is not comprehensive to limit the use
of light metal materials inmine simply by detecting the spark
safety. Similarly, a limiting relative velocity used to describe
these ignitions in the past is also unreasonable. +e maxi-
mum temperature of the hot surfaces is affected by the
frictional relative power density and not just the frictional
relative velocity. +e frictional relative velocity is only one of
the factors affecting the frictional relative power density.

3.2. Friction Sparks of TC4. TC4 titanium alloy cannot
generate friction sparks until the grinding wheel speed
exceeds 2000 n/min. At the critical speed of spark genera-
tion, friction sparks fly alongside the profile of the grinding

wheel (Figure 5). Furthermore, when the relative speed
increases, they fly out along with the tangent line (Figure 6).
+e cross arrow represents the friction contact point, a
position where the sparks fly out.

With the rising rotating speed of the friction, the flight
path of the sparks did not change any longer and was kept in
a straight line basically (Figure 7). In order to study the
characteristics of frictional sparks, the complete trajectory of
two spark flights was recorded. +e brightness is extremely
dark when sparks are initially flying out. Due to the in-
creasing oxidation during the flight, the sparks become
bright. +e sparks are extinguished or exploded and scat-
tered into several small pieces until they disappear com-
pletely.+e upper one has a smaller particle size, and the first

(a)

1-Variable speed grinder; 2-Sample; 3-Pressure lever; 4-Infrared video camera; 
5-High-speed camera

(b) (c)

Figure 1: Experimental device schematic and photos of the experiment. (1) variable speed grinder; (2) sample; (3) pressure lever; (4) infrared
video camera; (5) high-speed camera.
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frame is almost invisible (Figure 7(a)). +e second frame can
be found, while the fourth frame disappears.+e lower spark
is dark at the beginning, but it becomes brighter than the
upper one.+en, it becomes very bright in the second frame,
and its brightness remains unchanged in the next several
records. Finally, it blasts into a few darker debris in the
eighth frame (Figure 7(b)). +e ninth frame gradually dis-
appears, leaving a very small dark spot (Figure 7(c)). +e
sparks are all flying until they either disappear or explode
into tiny pieces before disappearing.

+e flight path of a single set of sparks at different speeds
cannot determine the law of spark flight speed. In order to
identify the motion law of sparks, three sets of sparks that
have longer duration at various speeds were used to measure
the initial flying distance S0 and the distance Si of the spark
flying in each frame (Table 1) and to calculate the accel-
eration of each segment (Table 2).

Sparks with a long distance and long duration are found
under all conditions. +ey basically decelerate with the
decreasing acceleration based on calculation. In some rare
cases, the increased acceleration results in a decreased
overall trend of acceleration. Similarly, the length of the

spark gets shorter and shorter with the increasing flying
distance in the figures of spark flight paths. It can be inferred
that the particle size of sparks is small. +e most critical
cause affecting the flight speed is air resistance.

Based on the sparks recorded in the high-speed camera
and two tables at different speed conditions, the flying
distance, particle size, and brightness are not much different.
But a higher speed increases the number of sparks. In order
to further understand whether the flight speed of sparks is
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Figure 2: +e temperature distribution at different speeds.
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Figure 3: +e temperature evolution at different speeds.
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Figure 4: Temperature–speed curves of different materials.

Figure 5: +e spark flight path at a critical speed.

Figure 6: +e spark flight path at speed of 31.4m/s.
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related to the speed of the grinding wheel at different speeds,
20 consecutive clear shots are selected to calculate the av-
erage speed of the flight. Table 3 provides the average speed
of the fastest spark, slowest spark, and all 20 sparks. +ey are
continuously improving with a high rotation speed of the
grinding wheel (Figure 8). It can be seen that the speed of
sparks is positively related to that of the grinding wheel.
Moreover, the relative speed of friction has a direct impact
on the speed of friction sparks.

For particle size and brightness of sparks, they are very
little affected by friction conditions from the images
recorded by high-speed cameras. +is result is basically

consistent with related research studies, and the worn
particles need to have a certain size to form visible light, that
is, the size of the spark is within a fixed range, not too large or
too small.+e average particle size of the sparks generated by
TC4 is 180 μm.

3.3. Friction Sparks of Cu and Q235A. Cu generates few
friction sparks. When the speed exceeds 6000 n/min, only a
few sparks are taken at the beginning of the friction with
contingency. Figure 9 shows the flight path of sparks of
copper. +e sparks are small, and the existence of time is

(a) (b)

(c)

Figure 7: Spark flight paths at speed of 62.8m/s.

Table 1: Measurement of the flight trajectory of TC4 sparks.

Speed (m/s) S0 (mm) S1 (mm) S2 (mm) S3 (mm S4 (mm) S5 (mm) S6 (mm) S7 (mm) S8 (mm) S9 (mm) S10 (mm)

31.4
4.5 0.85 0.775 0.7 0.65 0.55 0.5 0.45 0.4 0.35 0.3
3.25 0.75 0.65 0.55 0.45 0.35 0.3 — — — —
4.25 0.95 0.85 0.8 0.7 0.6 0.55 0.5 0.45 0.4 0.35

41.9
4.5 1.05 0.9 0.8 0.7 0.6 0.5 0.45 0.4 0.35 0.3
3.05 1.05 0.9 0.8 0.7 0.6 0.55 0.5 0.45 0.4 0.35
2.5 0.85 0.65 0.55 0.45 0.35 0.3 — — — —

52.3
1.75 2.15 1.4 1.15 0.9 0.75 0.65 0.55 0.45 0.4 0.35
6.25 1.6 1.3 1.05 0.9 0.8 0.7 0.6 0.5 0.45 —
4.75 1.8 1.5 1.25 1.05 0.9 0.8 0.7 0.6 — —

62.8
5.75 1.35 1.1 0.9 0.75 0.6 0.5 0.45 0.4 — —
5.5 1.5 1.2 1 0.75 0.65 0.55 0.5 0.45 0.4 —
4 2 1.55 1.3 1.05 0.9 0.75 0.65 0.55 — —

73.2
6.25 1.1 0.85 0.7 0.65 0.6 0.55 — — — —
2.5 1.65 1.35 1.1 0.95 0.8 0.7 0.6 0.5 — —
1.9 1.85 1.5 1.25 1.05 0.9 0.8 0.65 0.6 — —
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extremely short. Only three frames are captured by the high-
speed camera. In short, it can explain why copper has spark
safety in the mine.

+e sparks of Q235A are shown in Figure 10. +e sparks
with a longer duration are chosen. +e critical speed of
sparks generated by Q235A is higher. +e sparks can be
observed at a speed of about 2500 n/min. In fact, compared
with the TC4 frictional sparks, the sparks of Q235A are
darker and small and have a shorter average duration. +e
average distance of the initial flight is longer. Calculated in
the same way as TC4 sparks, the sparks of Q235A decelerate
with the decreasing acceleration. Similarly, their average
speed increases with higher speed grinding-wheel. +e
sparks of Q235A extinguish at the end, and no explosion is
observed during shooting.

3.4. Study on the Energy Released by Sparks. +e spark
volume is small, and the internal thermal resistance is much
smaller than the heat transfer resistance of the surface. +e
temperature of sparks was considered the same at the same

Table 2: Calculation of the flight trajectory TC4 sparks.

Rotate speed (m/s) a1 (m·s−2) a2 (m·s−2) a3 (m·s−2) a4 (m·s−2) a5 (m·s−2) a6 (m·s−2) a7 (m·s−2) a8 (m·s−2) a9 (m·s−2)

31.4
300 300 300 200 200 200 200 200 200
400 400 400 400 200 — — — —
400 200 200 400 400 200 200 200 —

41.9
600 400 400 400 400 200 200 — —
600 400 400 400 200 200 200 - -
800 400 400 400 200 — — — —

52.3
3000 1000 1000 600 400 400 400 200 200
1200 1000 600 400 400 400 400 — —
1200 1000 800 600 400 400 400 — —

62.8
1000 800 600 600 400 200 200 200 —
1200 800 1000 400 400 200 200 200 —
1800 1000 1000 600 600 400 400 — —

73.2
1000 600 200 200 200 200 200 — —
1200 1000 600 400 400 400 - — —
1400 1000 800 600 400 600 200 — —

Table 3: +e average flying speed of sparks at different speeds.

Grinding wheel speed (m/s) 31.4 41.9 52.3 62.8 73.2
Highest average speed (m/s) 1.6 2.0 2.4 3.87 4.11
Lowest average speed (m/s) 0.7 0.8 1.0 1.05 1.23
Average speed (m/s) 1.20 1.30 1.66 1.93 2.35
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Figure 8: Relationship between spark velocity and relative friction
speed.

Figure 9: +e spark flight path of Cu.

Figure 10: +e flight path of two frictional sparks of Q235A.
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instant. +us, the temperature of sparks is the only function
of time and is independent of coordinates. +e heat transfer
between sparks and the medium can be simplified by a
lumped parameter method. +en, the instantaneous heat
flux of the spark is described as

∅ � ρcV
dt

dτ
� ts − t0( hA exp −

hA

ρcV
 , (2)

where ts is the temperature of the spark, t0 is the temperature
of the medium, h is the convective heat transfer coefficient
between the spark and medium, and ρ, c, V, and A are the
density, specific heat, volume, and surface area of the spark,
respectively.

If the spark duration is from 0 to τ, the total heat ex-
changed between the spark and the medium at this time is
expressed as

Q � 
τ

0
∅dτ � ts − t0( ρcV 1 − exp −

hA

ρcV
τ  

�
4
3
πρcr

3
ts − t0(  1 − exp −

3h

ρcr
τ  .

(3)

According to the Nusselt number equation of similarity
principle, h can be calculated:

Nu �
h D

λ
. (4)

Assuming that the spark is a sphere and stationary, the
medium flows through the sparking surface at the speed of
the spark flight; the heat transfer between the spark and
medium can be regarded as convective heat transfer of the
outer swept ball, and then, the correlation of the fluid swept
ball is

Nu � 2 + 0.4Re1/2 + 0.62/3 Pr0.4 η∞
ηw

 

1/4

. (5)

In summary, the factors affecting the release of heat can
be concluded, including the density and specific heat of the
material, the diameter and speed of the frictional spark, the
duration of the spark combustion, and the initial temper-
ature, thermal conductivity, kinematic viscosity, and ther-
mal diffusivity of the medium.

+e minimum detonation energy of the methane-air
mixture is 0.28mJ [18]. In the mixture of methane and air,
the volume fraction of methane can be exploded when the
volume fraction is 5%–16% [19]. +e content of methane is
not high, and the calculation parameters can be approxi-
mated with the relevant parameters of dry air. +e frictional
sparks of TC4 have an average diameter of 180 μm, an
average speed of 1.7m/s, and an average duration of 0.003 s
(the average of one hundred sets of data, and 20 sets of
different friction conditions). According to formulas (2)–(4),
the temperature of the spark is calculated to be about 88°C,
which may generate the detonated gas. +e frictional spark
of Q235A has an average diameter of 120 μm, an average
speed of 1.1m/s, and an average duration of 0.002 s. +e

spark temperature of 170°C can detonate the gas. +e energy
released from sparks of two substances could ignite the gas,
and the spark temperature of Q235A is nearly twice than that
of TC4.While at the same frictional conditions, the sparks of
TC4 are much brighter than those of Q235A, and their
temperatures are much higher than those of Q235A sparks.
+is can explain why steel materials are safer than TC4 as
mining materials.

Previous studies [14, 16, 17] have only done a confir-
matory analysis on whether sparks can ignite flammable
gases. In this study, the mathematical model which calcu-
lated the energy released by sparks is deduced according to
the theory of heat transfer, the main factors affecting the
energy released by the spark are obtained, and the critical
parameters of the spark detonation combustible gas are
calculated by setting the minimum ignition energy.

4. Conclusion

+e hot surfaces and sparks as potential ignition sources are
generated in friction simultaneously. It is found the tem-
perature of hot surfaces improves with the increase of the
relative friction speed, while the temperature of Cu and
Q235A is always higher than that of the TC4 titanium alloy.
+e hot surfaces generated by Cu are the most hazardous
than those generated by Q235A and TC4. Consequently,
simply test the spark safety of the material in explosive
atmospheres, and a limiting relative velocity used to describe
these ignitions in the past is considered unreasonable. For
sparks, the flying speed is slightly affected by the relative
rotating speed. +e size and brightness of sparks are almost
independent of the relative rotating speed and are more
determined by the nature of materials. In short, the decisive
factors in the heat released by a spark are the physical pa-
rameters of the material containing the temperature, speed
and size of a spark, and physical parameters of the medium.
Obviously, the key factor that affects the ignition ability of
sparks is the nature of materials. +e spark safety of TC4
alloy is much lower than that of copper and steel indeed.
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