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Abstract

The primary potential ignition source for explosive atmospheres in low-speed metal
friction is the friction-induced hot surfaces. Interestingly, the friction flash temperature tends to
surpass the bulk temperature under identical conditions. Consequently, understanding whether it
is the bulk temperature of the hot surface or the flash temperature of the asperity contact that first
reaches the ignition temperature of the combustible gas becomes a pertinent area of
investigation. This study addresses this concern by establishing a friction model, delving into the
flash temperature of the asperities' contact between TC4 titanium alloy and Q235 steel under
low-speed and low-load friction conditions. Leveraging the Hertz contact theory, the contact
process of a single pair of asperities and the methodology for calculating the maximum flash
temperature are analyzed. Two assumptions are considered in calculating the maximum flash
temperature, and through regression analysis, a mathematical model for the flash temperature
concerning load and relative velocity is derived. The study then computes the maximum bulk
temperature and flash temperature under identical conditions, aiming to discern the true effective
ignition source of gas under low-speed and low-load friction conditions.
Keywords Friction hot surfaces, friction flash temperature, asperity contact, explosive
atmosphere, titanium alloy

Introduction

The frictional impact hot surfaces and sparks of light alloy materials are the main
potential ignition source for explosive atmosphere. The main factors that make frictional impact
sparks an effective ignition source of explosive gas are the properties of the material and the
relative velocity of frictional impact.1-4 Generally, when the relative speed of friction impact is
below 1 m/s, sparks are basically not generated, but the frictional hot surface can still detonate
combustible gas even under the friction condition of relative speed below 1 m/s.5,6 Meyer5 used
the rotary friction experiment to study the ignition of various combustible gases by the friction
hot surface of stainless steel, and found that the maximum temperature of the friction hot surface
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is determined by the friction-related power density, and proved that the friction hot surface can
still detonate combustible gas even if the relative speed of friction is less than 1 m/s. However, at
low load, friction contact is not a single contact, but multiple contacts occurring at several
discrete, small, and protruding rough peaks. The interaction of rough peaks will lead to a large
number of high and transient flash temperatures, while the friction flash temperature is often
much higher than the volume temperature. Therefore, at low speed and low load, it is not clear
whether the volume temperature of the frictional hot surface or the flash temperature of the
contact of the micro-convex is the first to reach the ignition temperature of combustible gas. At
present, the methods to obtain the friction flash temperature of micro-convex body are mostly
calculation and numerical simulation. It is difficult to obtain the contact flash temperature of
micro-convex body directly by experiment. Researchers usually establish a variety of contact
models base on the mixed elastoplastic theory and fractal theory on rough surface which are used
to calculate the thermodynamic distribution of contact surface and flash temperature under
different working conditions.7 And the thermodynamic distribution of rough surface and the
flash temperature measured by finite element numerical simulation are in agreement with the
experimental results.8—10 Following the theoretical study of Blok and Jaeger, for the study of
frictional heat of micro-convex bodies, Archard1l developed a simpler and widely used analysis
method. The frictional contact model is a single asperity sliding on a plane. The single asperity
can be considered to be affected by a fixed heat source, while the plane is affected by a moving
heat source. At a lower sliding speed, the temperature distribution of the moving heat source is
similar to that of the fixed heat source, but at a higher speed, the temperature distribution of the
moving heat source is different from that of the fixed heat source. Since the moving surface does
not have enough time to establish the temperature distribution of the fixed heat source. Archard
used Peclet number L to characterize the temperature rise of the mobile heat source. When L\
0.1, the temperature of the mobile heat source can be calculated according to the calculation
equation of the fixed heat source. With the continuous increase of L, the surface temperature
gradually decreases, when L . 10, the calculation method of the fixed heat source was no longer
applicable, so he proposed a simple program to deduce the intermediate value based on the heat
distribution between two solids, deduced the simplified equation for calculating the maximum
temperature rise,12-14 and calculated the average flash temperature of the convex sliding in the
plane. With the continuous development of computer technology, some researchers used finite
element technology and regression analysis to predict the flash point temperature.15 Kennedy16
used finite element method to predict the flash point temperature in the sliding system, which
was consistent with the experimental results. Smith and Arnell12,13 proposed the finite element
analysis solution of the three-dimensional equation of transient heat flow dependent on the
hemispherical rough surface, and obtained that the main factors affecting the flash temperature
were the thermal conductivity, friction coefficient, hardness, sliding speed, wear radius, and wear
degree of the material. However, the change of thermal performance, friction coefficient, and
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actual contact area all affect the calculation of flash temperature. In order to facilitate the
calculation, different physical, dynamic, and geometric assumptions are used in related studies,
so the flash temperature values calculated by different theoretical models are very different.17
Because the theoretical calculation of friction flash temperature is difficult to obtain accurately
due to the complex physicochemical environment of the friction interface, it is very important to
establish the friction model accurately and determine the main related factors according to the
actual working conditions. In view of the research on the single-pair asperity contact between
TC4 titanium alloy and Q235 steel in this paper, the contact model is simplified into a spherical
model to calculate the thermal conductivity between a single pair of asperities. In my previous
works, the mathematical model of the extreme value of volume temperature in macroscopic
friction was studied, but the friction flash temperature under low load was much higher than the
extreme value of volume temperature, so the experimental method will not be repeated. Using
the same experiment measured the relevant parameters, combining the theory of elastic
mechanics and Hertz contact theory analysis and calculation of contact temperature, so as to
analyze the effective ignition source at low speed and low load. Combined with regression
analysis, the flash temperature calculation model is derived, which can reasonably predict the
safe use conditions of titanium alloys in the gas environment.
Measurement of friction coefficient and volume temperature

The friction experiment was carried out on the blockon-ring type friction and wear
experimental machine M-2000, and the friction model is shown in Figure 1. The steel ring was
rotated by the eccentric wheel and the TC4 block was fixed, the two samples were impact by
load on the top of the block. The upper specimen was a 10 mm 3 20 mm 3 10 mm rectangular
prism, the lower one was circular ring with inner diameter of 20 mm, outer diameter of 40 mm,
and thickness of 10 mm. The surfaces of the two specimens were burnished, the surface
roughness was Ra200. The material of upper specimen was Ti6Al4V and the lower one was
Q235A, the material parameters are shown in Table 1. The center of the steel ring was the origin
of the
Table 1 Performance parameters of friction pair materials

Densny Specific heat Coefficient of linear Thermal Elastic Poisson’s
(kg/m?®) (/(kgK)) thermal expansion conductivity modulus ratio
(X107°K™ (W/(mK)) (GPa)
Q235A 7800 490 I.14 53 201 0.26
TC4 4500 612 0.86 7.955 110 0.34
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Figure 1. Titanium alloy block and steel ring rotating friction model.

Figure 2. Schematic diagram of experimental apparatus. 1: variable speed grinder; 2: sample; 3:
pressure lever; 4: infrared video camera; and 5: high-speed camera.

Figure 3. The viewing angle of the infrared camera.
coordinate system, the circle rotated around the Z axis, and the longitudinal direction was the Y
axis. The maximum temperature of the rubbing surface was measured using an infrared camera.
The equipment location and shooting angle are shown in Figure 2, and the photo of the field
experiment is shown in Figure 3. To improve understanding of the friction mechanism, a sample
showing the original burnished surface and wear traces is shown Figure 4. The relative speed of
friction is 0.69 m/s, and the load is 200, 300, 400, 500, 600, 700, and 800 N. Seven groups of
experimental conditions were composed of different loads. The friction between TC4 block and
Q235A ring was dry friction. As the friction time increased, the wear on the surface of the block
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was more serious. The increase of the wear would affect the pressure and influence of friction
coefficient simultaneously. Experimental results showed that the friction coefficients increased
with the friction time. Then to determine the friction coefficient, it was necessary to determine
the friction time first. As the housing material does not belong to the long-term frictional element

Table 2. Friction coefficient and maximum temperature of hot surfaces under different loads

Load (N) 200 300 400 500 600 700 800
Friction coefficient 0317 0319 0.320 0.321 0.331 0.353 0.362
Temperature (°C) 385 46.9 66.7 99.3 1133 134.6 146.9

The base surface
of the rough plane

Figure 5. Schematic diagram of the single asperity contact.

in mining, in order to obtain the consistent friction condition between the experiment and the
simulation, the frictional time would be short and the wear may be in a negligible range. So
record the friction time when the maximum depth of wear was less than 0.1 mm under different
friction conditions. It was friction time and the average friction coefficients in this time were
used to simulate.8 The average friction coefficient and the maximum temperature of friction
contact surface measured by three repetitions of each group were listed in Table 2.
Calculation of friction flash temperature

For the calculation of the contact problem of a single pair of micro-convex bodies, the
contact model is usually simplified into a cylinder (disk), a sphere, and a cone. In this paper, the
spherical model which is widely used is used to calculate the contact flash temperature of
contact. The contact deformation of a single asperity under low load is usually in the initial stage
of elastic deformation or plastic deformation. The following two calculation methods for the
maximum flash temperature of friction are studied. One is a calculation model based on the
elastic contact theory of two micro-convex bodies, and the other is a calculation model based on
the assumption that the contact pressure of two microconvex bodies is equal to the yield strength
of softer materials.
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Calculation of the maximum flash temperature in elastic contact

The two asperities are in contact (Figure 5), the asperities 1 move to the right at a speed
v, and the asperities 2 are stationary. Under the action of the nominal contact pressure P, the
resulting normal deformation d, the contact area is A. The elastic deformation causes the radius
of the contact surface to be a instead of e of the theoretical rigid contact, as 1 moves to the right,
the part of interaction decreases, d decreases, and a also decreases. According to the analysis of
elasticity and Hertz contact theory18-20:
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where R* is the composite radius of the summit contact of the two asperities, E* is the composite
elastic modulus of the material on the two contact surfaces,

—1

Figure 6. Instantaneous contact area of the single asperity.18

El, E2, and t1 and t2 are the elastic modulus and Poisson’s ratio of the two contact bodies,
respectively, and d is the depth of the two asperities injected into each other. One asperity passes
through another asperity, and the contact surface moves continuously during the contact process,
and the contact area first increases and then decreases (Figure 6). The center point of the contact
surface is always in a heated state, then the highest temperature will appear at this center point
position, that is, at r= 0. When in elastic contact, the distribution p (r) of the contact pressure
given by Hertz contact theory is:
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Then, when r= 0, the contact pressure is the largest, however, the contact pressure will change
with the depth of the two asperities injected into each other. The maximum value is taken at the
initial moment d. Liul8 used the translation of the coordinate system of the interference equation
to obtain:

d=(1-5d, 3
to

ty = [elFatio 4

Then the contact pressure at the center of the TC4 asperity is:

— 2E1 _tdo
pm=— A =1)% 5
The frictional heat flux is:
2uvE t2.d
q=pWPpV =" [(1-D) 7
0
6

For the heat conduction problem of the heat flux density f (t) per unit time on the contact surface,
Carslaw gives the temperature at the distance x from the contact surface at time t:

d
T k 1/2f f(t—T)e47TT

where K is the thermal diffusivity and k is the thermal conductivity. At the center position of the
contact surface, x= 0, of a single asperity the corresponding exponential term in the above
formulais equal to 1, where the transient temperature from the start of contact to t at any time is:

—x2

(0 T) anT
T(O:t) ff mqt T)i/z dt 8

Combimng equatlons (7), (12), and (14), the flash temperature of the friction center of the TC4
asperity is obtained as:

1/2

1/2

ds

Ts _ 2UvE* @ft
Jprciky+/packo)m3/2 [ R¥ -

9

Equation (9) is the normalized temperature, t is the normalized time, when t =21, the two

asperities begin to contact, when t = 1, the two asperities separate, when t = 0.65, T~ (t ) reaches

an extreme value of 2.19.14,18 Therefore, the maximum flash temperature of singlepair asperity

friction between TC4 titanium alloy and Q235A steel is:
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Tflash = 5.21uE* (R1+R2)3/4/V
T (JPiciki+pzczko)m3/2 (R1R2)1/2
10

Calculation of the maximum flash temperature in plastic contact

When two asperities are in contact, when a large elastic deformation occurs or is in the
early stage of plastic deformation, the contact pressure of the asperities is equal to or very close
to the yield pressure of the soft contact of the material, then the actual contact area is
approximately equal to the load divided by the hardness of the soft material. Then the study of
the sliding friction flash point temperature is based on a model similar to the Archard model, the
sliding contact surface is always kept constant, and the heat flux density is assumed to be
uniformly distributed. Simth and Arnell obtained that when one asperity passes through another
asperity, the frictional heat flux density of the contact surface is:
Q= puHv Wm-?

11
where m is the coefficient of friction, H is the hardness of the material (in Pa), and v is the
sliding velocity. The premise of this is that the asperity contact pressure is assumed to be equal to
or very close to the yield pressure of the soft contact of the material. When the two micro-
protrusions are in initial contact, the hardness of the same material is the same, and the contact
pressure can be equal to this hardness H, and the hardness value of the softer material can be
used for different materials. For frictional contact between different materials, the flash
temperature rise can be expressed as:
Tflash = f (k1, k2, c1, c2,r1, r2, mH, v, a, R, b)

12
The heat flow equation of the two asperities contacting the control temperature distribution with
time is:
(po)1 () = V(k1T1)
(p0)2 (52) = V(k2T2 13
When t= 0, the two asperities just touch, the asperity 1 passes through the asperity 2 at a speed V,
the distance is equal to four times the radius of the contact surface, and the entire contact surface
is a flat area. Then the flash temperature rise can be expressed as:

Trflashk cl k2 a b
iy = FPE LT 14
auHV " pc2 k1 R a

where Pe is Planck’s constant, and its expression here is:
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pe = POV 15
2K1

Define rc as the heat capacity ratio of the two materials (rc)2/(rc)1, k as the thermal conductivity
ratio k2/k1, and d as the flattening d/R, then:

k, = kkq

D=dR

a=RJ1—-(1-d)2

16

According to the maximum quasi-steady-state contact temperature rise equation of rough sliding
on the plane deduced by Tian and Kennedyl12,21, Smith obtained the maximum flash
temperature rise equation of asperity contact as:

2auHV
Thash = b
KNm(VIZ73 ¥ Pe) + k 1273 + —_
= 2u/H,V /(K_1Vr (V(1.273 + Pe)) + kV/(1.273 + Perc/k)) 17

Calculation of friction contact flash temperature between TC4 titanium alloy and Q235A
steel

The above two methods are used to calculate the maximum flash temperature of frictional
contact between TC4 titanium alloy and Q235A steel. The surface processing accuracy of TC4
titanium alloy sample and Q235A steel sample is the same, both of which are surface polished,
and the peak radius of the asperity is the same about 200mm. The maximum flash temperature
value of frictional contact between the two materials increases with the increase of load and
relative sliding speed (Figure 7). When the load is 800 N and the relative sliding speed is 0.69
m/s, the maximum flash temperature value is the highest, and the calculated value of elastic
contact is 254C. The minimum gas ignition temperature (650C) is not reached; the calculated
flash temperature is much higher than the maximum temperature value (bulk temperature) of the
hot surface under the same friction conditions. When the load is between 200 and 400 N, the
error of the maximum flash temperature value obtained by the two calculation methods is very
small, and the error value increases with the increase of the load. This is because when the load
is high, the difference between the calculated depths of the elastic contact and the plastic contact
of the two asperities increases, and the difference between the contact load values increases.
With the elastic contact theory, the mutual penetration depth d of the two asperities is always
proportional to the load P2/3, so that the results calculated by the elastic contact theory are much
higher than those calculated by the plastic contact theory. When the convex body is plastically
deformed, the plastic contact theory will be closer to the true value. In order to ensure a certain
safety factor, the average value of the two calculation methods is used to predict the load when
the flash temperature value reaches the minimum gas ignition temperature
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Figure 7. Comparison for calculation results of maximum flash temperature: (a) sliding speed is
0.44 m/s and (b) sliding speed is 0.69 m/s.
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Figure 8. Fitted curves of friction coefficient Figure 9. Temperature fitting surface.

Table 3. Regression analysis table of the friction coefficient

SSE R? Adjusted R>  RMSE
Quadratic curve 6.8le-05 0.966 0.949 0.004126
Cubic curve 6.8le-05 0.966 09319 0.004764

Discussion of bulk temperature and flash temperature

First, use MATLAB software to perform regression analysis and significance test, and obtain the
fitting curve of friction coefficient and load when the rotational speed is 0.69 m/s (Figure 5). For
the change of friction coefficient with load, among the feasible fitting curves, the quadratic curve
and the cubic curve fit better, and the cubic curve completely covers the quadratic curve, and the
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quadratic curve is basically invisible, and it is difficult to see the difference (Figure 8). However,
it can be seen from the adjusted value and the mean square error value that the quadratic curve
has a good fit (Table 3). Therefore, at a velocity of 0.69 m/s, the linear model for the coefficient
of friction and load is:

p=1.881x10—-7F?—0.0001117F + 0.3331 18
Using regression analysis, the variation of frictional hot surface temperature with friction
coefficient and contact pressure was fitted. Comparing different fitting surfaces, it is found that
the fitting effect of the plane is the best (Figure 9). Scatter points are evenly distributed above
and below the plane, with the lowest adjustment and mean squared error values.

*  dutn
L
s odentie curve
200 wubie eurve

180

p—

Tempen

160

140

A A \ A A A
0 0 100 SO0 L) 700 K

Lond (N)

Figure 10. Fitted curves of maximum flash temperature.
The fitting formula of the frictional hot surface temperature with the friction coefficient and
contact pressure is a linear equation (19):
T =84.15- 304.8u + 0.:873P 19
According to the actual conditions, the minimum ignition point of the methane-air mixture is
650C, and the magnitude of the normal load when the maximum temperature of the friction hot
surface reaches the minimum ignition temperature of methane-air mixture can be predicted.
According to equations (18) and (19), it can be calculated that when the friction relative speed is
0.69 m/s, the hot surface bulk temperature reaches the minimum gas ignition temperature, and
the load needs to exceed 2377.51 N.8 Regression analysis was used to study the variation of the
average value of the maximum flash temperature value with the load by the two calculation
methods, and the fitting curve was obtained as shown in Figure 10. Comparing the fitting degree
of straight line, quadratic curve, cubic curve, and data, combined with the adjustment value and
mean square error value (Table 4), the fitting degree of cubic curve is relatively high, and the
fitting equation is equation (20).
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T =1.25X 107 F3- 0:0001453F? +0:2168F + 83.0 20

According to equation (20), it is calculated that when the maximum flash temperature reaches
the minimum ignition temperature of gas at 650C, the load is about 1705.50 N. At the same
rotation speed, the load when the maximum bulk temperature of the hot surface reaches the
minimum gas ignition temperature is 2377.51 N, then the critical value of the load to ensure that
the friction temperature is lower than the minimum gas ignition temperature is approximately
1700 N. Therefore, the friction conditions at the load below 1700 N and the relative rotational
speed within 0.69 m/s can ensure the mining safety of the TC4 titanium alloy friction hot surface.
However, if the load is higher than 1700 N, whether the friction flash temperature can ignite the
gas still needs to comprehensively consider more factors, such as whether the friction contact is
multi-contact, the friction life of the asperity, and the flash temperature value is higher than the
gas ignition temperature, but the duration is short, the heat transfer cannot compensate for the
heat loss, and when the combustion wave cannot be propagated continuously, the friction hot
surface can also ensure the safety of mining. If the load exceeds 2377.51 N, the friction hot
surface temperature will exceed the minimum gas ignition temperature, and the risk of use will
be very high. To sum up, when the relative rotational speed is low and no friction spark is
generated, the potential ignition sources of gas are only friction flash and friction hot surface. At
low load, the friction flash temperature is always higher than the friction hot surface temperature.
Controlling the highest flash temperature of friction can ensure the safe use of materials in
explosive atmosphere, but whether the friction flash temperature can become the key to igniting
the explosive gas is the duration of the friction flash temperature. At higher loads, the only if the
potential ignition source is the friction hot surface, it is only necessary to control the maximum
temperature of the friction hot surface to be lower than the minimum ignition temperature of the
combustible gas.
Conclusion

In this paper, the rotating friction model is used to study whether the frictional hot surface
of TC4 titanium alloy exceeds the minimum gas ignition temperature at low speed and low load,
and the maximum friction interface and friction flash temperature are respectively studied in
detail. The following conclusions are obtained: 1. The mathematical model of the total heat
generated by the contact is deduced by analyzing the contact process of a single pair of
asperities, and the main factors affecting the contact heat of a single pair of asperities are: the
property parameters, friction coefficient, relative velocity, surface roughness of the material, and
initial ambient temperature. 2. Study the calculation of the maximum flash temperature of the
contact of the single pair of asperities between the TC4 titanium alloy and Q235A, and use the
two contact theories to deduce the mathematical model to calculate the maximum flash
temperature value. Since the two calculation methods are based on different assumptions, the
calculation results are slightly deviated, and the deviation increases with the increase of load, the
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maximum flash temperature always increases with the increase of relative speed and load, and
controlling the critical load and relative speed can effectively control the effectiveness of
potential ignition sources. In the same conditions, the friction flash temperature is higher than the
maximum temperature of the friction hot surface; 3. Using regression analysis to study the
variation law of the maximum flash temperature with the load, it is obtained that the adjacent
load when the maximum flash temperature reaches the minimum gas ignition temperature is
1705.50 N. When the relative rotational speed is low and no friction spark occurs, the potential
ignition source of gas is only friction flash temperature and friction hot surface. At low load,
controlling the maximum flash temperature of friction can ensure the safety of the material in
explosive atmosphere. At higher load, the only potential ignition source is friction hot surface, it
is only necessary to control the maximum temperature of the friction hot surface to be lower than
the minimum ignition temperature of the combustible gas. Future work The research in this
paper not only provides a new idea for the mechanism of friction spark induction of light metal
materials, but also makes a deep and detailed exploration of the friction flash temperature of
titanium alloy, and provides some reference for the application of titanium alloy in explosive gas
environment. Certain progress has been made in the mechanism of collision spark induction of
TC4 titanium alloy materials, but there are still shortcomings and defects in the research of this
paper. The future related work can be continued as follows: 1. Increase the adjustment range of
the load and relative velocity of friction and impact experiments, conduct more experimental
verification of the predicted results of friction temperature field and spark, and combine with the
explosion experiment of combustible gas to verify the accuracy of the set critical conditions; 2.
In-depth study of the friction contacts between TC4 and Q235A micro-convex body to determine
the life of micro-convex body under different conditions, so as to more accurately set the critical
value of friction conditions; and 3. Study the method of modifying titanium alloy material to
improve its spark safety as a mineral equipment material.
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