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Fractal Prediction of Frictional Force against the Interior
Surface of Forming Channel Coupled with Temperature
in a Ring Die Pellet Machine

Xuehong De,?* Jianchao Zhang,** Yang Yang,? Jiangiang Du,>* Wenbin Guo,?® and
Zhen LiP®

For the biomass ring die pellet machine, the frictional force against the
interior surface of the forming channel is the main cause for its frictional
wear and also is key to the research of wear mechanism as well as its
prediction. In this study, four ring die samples were used to measure and
obtain data on their surface morphology. The fractal dimension D and fractal
feature G were calculated using the Yardstick method, and lastly a fractal
prediction model of sliding frictional force against the interior surface of
forming channel was built, which was coupled with a fractal model of
temperature distribution over friction surface. Numerical simulation, as well
as friction-wear test were conducted to verify the accuracy of the model.
The result showed that: when Ar < Ar, the slope of F was larger, which
means the frictional force increased more rapidly, and the larger slope of
Fo represented a rapidly decreasing unit of frictional force. When true
contact area Ar = 3.93%, Aa, Fr, and Fro increased with the increase in
temperature; Fr increased rapidly at first and then gradually slowed down.
When Ar was small, Fro increased sharply with the increase in temperature.
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INTRODUCTION

According to the IPCC (Intergovernmental Panel on Climate Change) assessment
report, anthropogenic emissions, especially fossil fuel consumption, is the dominant cause
for the rise in greenhouse gas concentration and global warming (Church et al. 2013). To
keep the global temperature increase well below 2 °C or even 1.5 °C, if possible, as planned
in the Paris Agreement, the UNEP (United Nations Environmental Program) requires most
of the nations to reduce their emissions of greenhouse gases significantly. At the same time,
the development of clean energy technology is urgently needed; biomass energy, for
instance, is drawing global attention as a renewable, clean, and abundant energy source
(Bamisile et al. 2020; Khan and Ulucak 2020; Kim et al. 2020; Sulaiman et al. 2020; Yan
et al. 2020). The IEA (International Energy Agency), EIA (Energy Information
Administration, USA), and many other research institutions researched the development of
biomass resource technology to promote the global utilization of biomass energy (Gutierrez
et al. 2020; Ong and Wu 2020; Schwerz et al. 2020).

Biomass energy utilization has achieved considerable gains in power generation and
aviation fuel production, while the progress in the research of biomass pellet production has
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been relatively slow (Shahabuddin et al. 2020). During 2014 and 2017, the production of
biomass pellet dropped 2.56% in the EU. China has been developing biomass pelleting
equipment for decades. Among them, the ring-die pelleting machine has had fast
development for a high production rate but still meets the problem of high energy
consumption as well as high cost, resulting in limited marketing (Cong et al. 2013; Ning et
al. 2016; Huo et al. 2020).

The fractal phenomenon is widespread in nature, such as mountains, coastlines,
rough surface contours, etc. The fractal reveals the essence of a series of complex natural
phenomena. It has played an important role in promoting the research of complex issues in
many disciplines (Mandelbrot 1982; Zhang 1995; Paul 2000). In the theory of fractal,
complex and chaos, objects have scale independency or self-similarity; thus fractal analysis
is also an effective tool to quantitatively describe the friction and wear (Majumdar and
Bhushan 1990; Ge 1997; Chen et al. 1998). In this study, the interior surface of the forming
channel and the exterior surface of biomass pellet both have fractal characteristics, showing
self-similarity.

The biomass ring-die pelleting machine can efficiently produce biomass pellets by
compressing materials into the forming channels and squeezing them out at normal
temperature, i.e. when no additional heating is applied to supplement frictional heating.
During the compressing process, friction occurs between the biomass pellets and the interior
surface of the forming channel. This friction causes wear of the interior surface and
eventually leads to failure of the forming channel (YYan 2011; Jiang et al. 2013; Li et al.
2020). In this sense, the investigation of frictional force against the interior surface of the
forming channel is fundamental to the analysis of contact interaction between the forming
channel and the biomass pellet, while building an accurate fractal model of this sliding
frictional force coupled with temperature is essential for the mechanism and prediction
research of frictional wear of the forming channel in ring-die biomass pelleting machines
(An et al. 2020; Liu et al. 2020; Shi et al. 2020; Xiao et al. 2020).

Because the microscopic rough surface of the forming channel in the ring die has
fractal features, the contact model based on the surface fractal parameter can objectively
represent the contact feature of a rough surface; consequently, the calculation formula of
frictional force based on this is scientifically reasonable (Zhang et al. 2019; Huang et al.
2020; Watson et al. 2020). According to classical contact mechanics, when the solid body’s
surface is subjected to both normal and tangential forces, and if the ratio of the two forces
is smaller than 0.3, the yield occurs beneath the surface; and if the ratio is larger than 0.3,
the yield occurs at the edge of a point of contact (Schweinhart 2020; Sun et al. 2020).

According to molecular mechanical friction theory, the interaction of the two friction
surfaces under loads could be divided into mechanical interaction and molecular interaction
(Zhang and Wen 2002; Ge and Zhu 2005; Xia et al. 2014). Molecular interaction produces
resistance to sliding due to molecular adhesion resulting from molecular activity and
molecular forces. The mechanical interaction also impedes the relative sliding movement
due to mutual meshing, collision, elastic deformation, and the ploughing effect of micro-
asperities. Therefore, the frictional force is the tangential component of combined forces of
molecular interaction and mechanical interaction between the two contacting surfaces. The
temperature increase of the contact surface due to friction heating has considerable influence
on friction and wear characteristics. During the compression process of the ring-die pellet
machine, the forming channel is subjected to increasing temperature, and the frictional force
is changed accordingly (Zhang 2002; Cao 2015; Liu et al. 2016; Nieslony et al. 2018; Tan
et al. 2020). Based on the kinematic analysis and the contact mechanics analysis of a
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contacting pair of micro asperities, this study, with consideration of both the influences of
mechanical deformation and molecular interaction as well as the temperature field, derived
a formula of frictional force using fractal theory. Furthermore, a fractal prediction model of
sliding frictional force against the interior surface of the forming channel coupled with
temperature in the ring die pellet machine was built based on the classic contact mechanics
formula and M-B fractal model (Ge and Zhu 2005).

FRACTAL PREDICTION MODEL OF SLIDING FRICTIONAL FORCE AGAINST
THE INTERIOR SURFACE OF FORMING CHANNEL

Analysis of Contact Condition of Frictional Surface

It was assumed that the forming channel and the biomass pellet are element O1 and
O2 of the friction pair, respectively, and the corresponding contour lines of the contacting
surface S1 and Sz before contact deformation happens are zi(x) and z2(x), respectively. As
shown in Fig. 1, at the smallest scale, it is given that a pair of micro asperity i contacts at
the point of B1for a moment, and slides over a distance S within a length of time.
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Fig. 1. Contacting state of a pair of micro asperity after a relative sliding distance s
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Fig. 2. Force analysis of micro contacting surface

The dashed line shows the contour of shape without deformation, and Ai represents
the contacting surface. The elastic deformation is 6% and the plastic deformation is 620
Their corresponding projections along the horizontal direction and vertical direction are
5a®, 5219, and ox2, 5,20, respectively. The change of vertical distance between two contact
surfaces due to deformation or relative sliding is Ah (Ge and Zhu 2005). See Eq. 1,

Ah = Stang - (5;1 +5, >= Stana - &, 1)

where a is the inclination angle (°) of micro contact surface. Because the area of the micro
contact surface of an individual micro asperity is small, an approximate value could be
taken:

0z,

tang =—* 2
A 2)

For constant relative sliding speed Vx along the horizontal plane of the surface
contact friction pair element, the relative sliding velocity V: in the z direction depends on
the the surface morphology and physical and mechanical properties. Given that Vx = 0S / ¢t,
Vz = oh [ ot, taking partial derivative with respect to t for the Eq. 1 and substituting Eq. 2:

v, 3 _ohem o5\ o 09 G
ot otox ot ox, ot

Analysis of Micro Contact Mechanics

Because in the contact area, the micro asperity has both the mechanical deformation
resistance g and the molecular adhesion resistance p, where the former one is perpendicular
to the contact surface, while the latter one is parallel with it, then the overall contact pressure
pz could be composed as:

P, y, 2=p(x, v, 244 (x, . 2)

If the two contact surfaces can only move in the xz plane, regardless of the
transitional movement and relative rotation along y-direction, and assuming that p and q are
independent, then p and g can be decomposed in the x and z directions as,
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{pf" = piix+pYz @
Py’ =-piaX- Pz

G = 0 x- 0,2 (5)
0y =—0X+0g2

where p1® and p2®, 1% and g2 have the same value of projection with opposite signs in
the corresponding direction. The relationship between slope and contact pressure at the
points of contact is:

0z, _ 0z, Q¢ _ g _ Py _ Py ©)

BT R ) RN R )
aX]. aXZ qu q22 le pXZ

Substituting Eqg. 6 into Eq. 3, it becomes:

(i) i

v,=v, Ba 00 )
e
q(i) 00!

z:Vx )((l)- : (8)
Oy ot

Integrating both sides of Eq. 7, Eqg. 8 on all the contact area in space Ai (i=1, 2, ..., n) and
then seeking the summation, therefore:

> m{a‘s psz}da -V, Z[[f oitea 3. ][ ot ©)

Zm{% qi‘i}da V.3 [t .3 [ aen (10)

Suppose that the z direction component and the x direction component of molecular
interaction force on the whole contacting surface are Rzz and Rzz, respectively. The z direction
component and the x direction component of mechanical deformation resistance on the
whole contacting surface are Tz1and Tz, respectively. Given that the left sides of Egs. 9 and
10 are W(1) and W(2), respectively, then:

W (1) = zm{ 5 pi‘f}da Y Zm plda, V Zm p@da, =V,R, ~V,R,, (11)

W@-3 m{ qi‘f}da V.3 [, (fagn v, (12)

Integrating both sides of Eq. 3 on all the contact area in space Ai (i =1, 2, ..., n) followed
by the summation of it leads to the true contact area Ar of the two contacting surfaces,

- % g 5 (199 g, (13)
VZZIAUda, VXZI,J;I o da, [ da,
which is,
VZA = AOVX - E0 (14)
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where A is the true contact area of two contacting surfaces, * :Zw % Agis a constant,

0z, ] . . .
/\):Zm&dai; and Ep is the rate of change with respect to time of deformation along z
VA

0]
direction, E =Zm%d3i.
A

Combining Egs. 11, 12, and 14:

V{ Ry _Ar}\,{/%_Ru} o (15)
W@ E E, WQ@)
V{Tu_*\}v{’%_w o (16)

W(2) E, E, W)
Based on Egs. 15 and 16, given that coefficient ¢ = Ao/ Ar, then 0 < ¢ < 1, therefore:
Rzl = % Rxl = CRxl (17)
Txl = i Rzl = CTzl (18)

A

Suppose that the normal load to the contacting surface of the forming channel and
biomass pellet is Fn, then Fn = Rz + Tz1. Therefore, the frictional force F of biomass pellet
against the interior surface of forming channel is as follows,

F =R, +Ty =CFy +(1-c? R, = cFy +(1-c? A, (19)

where Ay is plastic contact area, Ap = Rx1/ 7 (m?); and r is the shear strength of forming
channel material (Pa).

Because a rough surface has self-affine fractal features, according to the fractal
representation of a rough surface and the theory of classical contact mechanics, a relation of
plastic contact surface could be obtained as below (Chen et al. 2003),

(2-D)r2 (2-D)i2 , 7(@D)2AD-1
D (2-D)?/4 5 Di2 - (2-D)/2 D (2-D)1a pp2~2| TE (20)
= AP?a = —— ATG ———
Ao [Z—Dj v o G 2.D v r 22507

where ac is the critical area at the moment of plastic deformation of point of contact (m?); ¥/
is a coefficient that satisfies the transcendental equation -1+ °2)**"° —(2-D)D; G
is the coefficient of fractal dimensional feature, which reflects the surface profile amplitude
of the forming channel in ring die; D is the fractal dimension of the surface profile; oy is the
yield strength of the forming channel material in ring die; E is the composite elastic modulus,
E=2EE,/(E +E,) (Pa); Ei is the elastic modulus of the forming channel in ring die (Pa);
and E: is the elastic modulus of biomass material (Pa).
Given that the unit bulging force exerted on the material by pellet is Fo, therefore,

Fn= FoAa= Foldd (21)

where Ir is the sampling length of roughness measurement (m); d is the least contact width
of friction material (m); and Aa is the theoretical contact area (m?).
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Substituting Egs. 20 and 21 into Eq. 19, then the fractal representation of sliding
frictional force between the interior surface of the forming channel and pellet could be
expressed as follows:

1/(D-1)\(2D)2

DY /4 2- D | =E’
F = oFyld+(1-c? )y 271620 A% = { 22502} (22)
y

According to the above, the frictional force on unit area, Fo, is:
Fo=F/A (23)

Fractal Model of Temperature Distribution Over Friction Surface

During the compression process of the ring-die pellet machine, the forming channel
IS subjected to increasing temperature and the frictional force was also influenced
accordingly. In this sense, it is necessary to have a coupled analysis of temperature and
frictional force.

The velocity of the sliding movement of pellets in the forming channel is relatively
slow (i.e., the instantaneous temperature change of the contact surface between the forming
channel and the pellets is extremely small, so assuming the instantaneous contact
temperature of the forming channel to be constant), and in the fractal area, temperature
diffusion could be described by the temperature diffusion of static heat source on the semi-
infinite body surface. The actual temperature Ts on the true contact area of the selected zone
is (Wang and Komvopoulos 1994):

T =To+T,, (24)

The maximum temperature rise on the whole true contact surface, Tsmax, iS:

Ts, max — emaxTc (25)
The dimensionless maximum temperature rise in the fractal area, Omax, is:
0. = 4 I:Z(Z' D)l//-(z-D)/z}(Z_D)lzGﬂ D-D Ar*<2-D> 2 (26)
3Jrl D

The characteristic temperature rise Tc iS:

__EVAT 27
"= el - ) 0

Substituting Egs. 25, 26, and 27 into Eq. 24 would be,

o MEVGATT {2(2- D)W.(z.o),z}(z‘”’z (28)
P 377(k1 + kz) D

where E is the composite elastic modulus with regard to temperature factor (Pa),
Er =27+EE, /(x+E, +E,); ki is the thermal conductivity of the forming channel material in
the ring die, W / (m x K); k2 is the thermal conductivity of biomass raw material, W / (m x
K); v is the velocity of material sliding movement (m/s); To is the initial temperature of
mould (°C); t is the time used for temperature rise from friction (s); and Ts is the actual
temperature on the true contact area of the selected zone (°C).
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According to the Chinese national standard GB 50017 (2017), the yield strength
reduction coefficient of the forming channel material under high temperature, #st, is:

1.0 20°C < T, < 300 °C 29
N =1 1.24 x 10°T} — 2.096 x 10°T7 + 9.228 x 10°T,-0.2168 300°C ( T, ( 800 °C( )
0.5 - T,/2000 800°C < T, < 1000 °C

According to the Chinese national standard GB 50017 (2017), the elastic modulus
reduction coefficient of the forming channel material under high temperature, ys, is:

1, - 4780 20 °C< T. < 600 °C
4 = 6T, - 4760 (30)
sT = _

_1000-T, 600 °C< T, < 1000 °C

6T, - 2800

Fractal Model of Frictional Force Coupled with Temperature
Combining Egs. 23, 29, and 30, the fractal prediction model of frictional force Fr
coupled with temperature could be calculated as follows,
(2-D)r2

1/(D-1)

2 D T[EZ

F. =cF|ld+(l-¢? (2-D) 142D p\DI2 k
T olr ( )TW A ) 225(775T0y)2 (31)

where given that Ar = MrAs, then the unit frictional force with regard to temperature, Fro,
is:

Fro=F/A (32)

FRACTAL PARAMETERS OF INTERIOR SURFACE PROFILE OF FORMING
CHANNEL

The fractal theory could well explain the interior surface structure of the forming
channel due to its apparent self-similarity and unsmooth characteristics (Ge and Zhu 2005).
In this study, the Yardstick method was used to calculate the fractal dimension, and n
yardsticks ri(i =1, 2, ..., n) were chosen to measure surface contour line. The length of the
measured line for each yardstick was Li, so that a series of data was obtained (r1, L1), (rz,
L2), ..., (r, Ln). Taking the linear regression of yardstick and contour line with the least
square method in a log-log coordinate system, and the fractal dimension D could be
calculated with the slope « of regression line:

D=1-«a (33)
Then, the fractal feature parameter G could be obtained through the equation below,

_ 2-D
G D-1 — 2 2-D 34
O-(a)La)U ) COS_ZD - wf_zD ( )

where i is upper limit of cutoff low frequency of the surface profile, w.=1/L; L is the
sampling length of the surface profile (m); wu is the upper limit of cutoff high frequency of
the surface profile, wu =1/ 20; ¢ is the resolution of the profile, 0.001; ¢ is the standard

deviation, 0.05.
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PARAMETERS SETTING AND EXPERIMENTAL ANALYSIS

Experimental condition

The material of the tested forming channels were 45# steel (sample 1), 40 Cr steel
(sample 2), 65 Mn spring steel (sample 3), and GCr15 steel (sample 4), as shown in Fig. 3.
All the samples had the same diameter @18 mm, thickness 15 mm, and surface roughness
Ra 3.2 um. Sample 1 was treated with normalization while samples 2, 3, and 4 reached
hardness HRC50~60 after heat treatment. The biomass material used in the experiment was
blended sawdust of pine wood and poplar wood, with granularity 1 to 3 mm, moisture
content 12%, and bulk density 0.26 g/cm?.

The main instruments used were: friction-wear test bench (self-made, Fig. 3), JB-8C
roughness meter (YDYQ Precision Instruments Co., LTD., Guangzhou, China), DHS-10A
moisture meter (Lichen-BX Instrument Technology CO., Ltd., Shanghai, China), electronic
weightmeter (AR224N, OHAUS Co., LTD., New Jersey, USA), 100-mL measuring
cylinder (1 mL accuracy), standard test sieve with 3-mm sieve pore as per GB/T6003.1
(1997), Vernier caliper, chronograph (0.01 s accuracy), tension and pressure sensor (Hunan
Firstrate Co., LTD., Hunan, China, range: 0-5V, Resistance strain gauge, range: 0 to 500 kg,
sensitivity: 1+ 20% mV/V), and thermo-detector (testo 835 - H1, Testo Co., LTD.,

Schwarzwald, Germany, Infrared thermometer, range: -50 to 600 °C, sensitivity:0.1 °C).

Biomass material
Carbon paper

Hopper Force loading

Electrical machinery Slid
ider

Rubber wheel

@
45 | 40Cr §65Mn | GCr15

Fig. 3. Friction wear test bench and measurement system of the pressure and the contact area

— Support frame

JQSample

7 Mechanical sensor

/\ Data acquisition station
Cable

Signal receiving and

processing device

Pedestal  Support Samples

Methods and Materials

In this study, bulk density and moisture content of biomass material were measured.
Roughness meter was used to measure and obtain data of the sample surface morphology of
the forming channel, and then fractal dimension D was calculated using the yardstick
method, followed by calculation of fractal feature G based on Eq. 34.

On the data acquisition platform, the relationship of real contact area Ar and
contacting force is obtained between the sample and biomass materials. Ar is the area of
carbon paper on the sample imprinted from rubber wheel pressure and contact force is read
from mechanical sensor.

On the friction-wear test bench, a rubber roller rotated at 110 r/min driven by a 1.5
kW three-phase asynchronous motor and, together with falling sawdust, exerted pressure on
the test samples so as to produce friction. The value of the pressure sensor was recorded
every 5 min, and a total of 5 measurements were averaged to obtain the relationship between
tested frictional force and true contact area Ar.
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Bulk density of biomass material

Sieved material was put into a measuring cylinder through a funnel to the 100 mL
line. The mass of the material was measured 5 times and averaged to calculate the bulk
density.

Measurement of rough surface morphology

All the four samples of the forming channels were measured to obtain the data of the
surface profile with roughness meter, and each for 5 times (Fig. 4 shows the surface
morphology with Ra equal to 3.997 um). The main parameters were: the arithmetical average
deviation of the surface profile (Ra), the average spacing of irregularities (Rsm), the number
of peaks (Rpc), the material portion of the profile (Mr1), the fractal dimension using the
yardstick method (D), and the fractal feature parameter (G).

Fig. 4. Rough morphology of the interior surface of the forming channel (Ra= 3.997 ym, 40 Cr)

RESULTS AND DISCUSSION

Table 1 shows the average value of surface morphology parameters as well as the
calculated fractal dimension D using the yardstick method for each sample.

Table 1. Surface Morphology Parameter and Fractal Dimension D for 4 Samples
of Forming Channel

Sample| Ra(Um) | Rsm (Um) |Rpc (Pks x mm™T)| M (%) D
1 3.428 130 57 7.8 1.373
2 4.002 109 68 6.5 1.359
3 3.680 103 63 7.1 1.366
4 3.232 121 60.5 7.6 1.380

Table 1 shows that when average roughness Ra was 3.428 um for sample 1, the
average value Mn was 7.8%, fractal dimension D average was 1.373, and the calculated
fractal feature G was 1.55 x 10® m. For sample 2, Ra was 4.002 um, the average value M
was 6.5%, fractal dimension D average was 1.359, and the calculated fractal feature G was
0.82 x 10°® m. For sample 3, Ra was 3.680 um, the average value M1 was 7.1%, fractal
dimension D average was 1.366, and the calculated fractal feature G was 1.13 x 10 m.
While for sample 4, Ra was 3.232 um, the average value Mr1 was 7.6%, fractal dimension D
average was 1.380, and the calculated fractal feature G was 2.10 x 10 m.
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PREDICTION AND ANALYSIS OF THE INTERIOR SURFACE OF FORMING
CHANNEL

Prediction of Frictional Force

The initial parameters setting was as follows: Fo= 80 x 10°Pa, I = 0.004 m, d = 1 x
10°m, Ar = Mn1As, ¢ = 0.2, E2 = 21.6 x 10°Pa, k2 = 0.15W / (m x °C), and v = 0.05 m / s.
The fractal parameters settings of frictional force for each sample are shown in Table 2.

Table 2. Fractal Parameters Settings of Sliding Frictional Force for Samples of
Forming Channel

Sample|Ei(x 10°Pa)| T(x 10°Pa)| 5,(x 10°Pa) [M(%)| D |G(x10°m)| W |ky(W /(m x °C))
1 209 370 355 7.8 |1.373 1.55 2.113 48.15
2 211 420 785 6.5 [1.359 0.82 2.122 32.66
3 211 600 430 7.1 |1.366 1.13 2.118 48.00
4 219 520 518 7.6 |1.380 2.10 2.103 40.11

Figures 5 and 6 show the relationship between frictional force F, unit frictional force
Fp, and true contact area Ar. It could be seen that, along with the increasing true contact area
A the frictional force F increased while the unit frictional force Fp decreased. When Ar <
Arc (critical true contact area), the slope of F was larger, which means the frictional force
increased more rapidly, and the larger slope of Fp, which indicated unit frictional force,
decreased rapidly. When Ar > Arc, the slope of F decreased, it meant the increase of frictional
force became slower, and the smaller slope of Fp indicated a slower decrease of unit
frictional force. This is consistent with the classical friction formula.

Fo(N/m?)
, | "65Mn
12 + (3%10%, 11.3) B5H
10 | (3%10°, M GCr15.
8 - (3)(10'9, 8-8)
6l
s
/ﬁ _| ————40Cr
2 | /.ﬂ"-JW-MW—W”W”-rmmm)m’ (3x10-9, 2-6)
0 ;quS . l
o 2 3 4 5
Ar2 Arc4 ATC1

Ai(m?)

Fig. 5. Relationship between frictional force F and true contact area Ar
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Fig. 6. Relationship between unit frictional force Fp and true contact area Ar

Figures 5 and 6 also show that the increment F of sample 3(65 Mn) was the largest,
while that of sample 2 (40 Cr) was the least. Sample 2 had the largest reduction in Fp, while
that of sample 3 was the least. There was such a relation in terms of critical contact area Arc
for the 4 samples: Arc2 (40 Cr) < Arca (GCr15) < Arca (45# steel) < Arc3 (65 Mn). This was due
to mechanical characteristics of different materials. It also revealed that choosing 40 Cr steel
as the forming channel material resulted in the least frictional force, suggesting that it would
be more friction resistant and endurable.

Prediction of Frictional Force Coupled with Temperature

Figures 7 and 8 showed the relation curve between frictional force Fr, unit frictional
force Frp, and temperature T for sample 1 (45# steel) when true contact area Ar = 3.93% Aa.
It could be seen that both Frand Frp increased with temperature increase. There were two
inflection points: the slopes became precipitous at 635 °C, meaning the start of a rapid
growth of Frand Fro while the slopes become smaller at 785 °C, meaning the growth slowed
down thereafter. It was also indicated that when true contact area (Ar) is small, unit frictional
force will be dramatically increased with temperature, thus resulting in severe friction and
wear in the forming channel.

i (785,23.56) ,
20 f /
10} (635,6.15)

0l ——

0 200 400 600 800 1000
T(C)

Fig. 7. Relationship between frictional force Fr and temperature (Ar = 3.93% Aa)
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Fig. 10. Relationship between unit frictional force Frp and temperature (45# steel)

Figures 9 and 10 show the relation curve between Fr, Frp, and T for sample 1 (45#
steel) with different true contact area Ar. It could be seen that Frand Fro increased with Ar,
and their increment grew with rising temperature. This means larger contact area increases
frictional force as well as unit frictional force so as to aggravate the wear. This also explains
the reason for a short life span of forming channel despite its soft abrasives wear (Kong
2010).

Figures 11 and 12 show the relation curve between Fr, Frp, and T for all four
samples when true contact area Ar = 2% Aa. It could be seen that sample 3 (65 Mn) had the
largest increment in Frand Frp, while that of sample 2 (40 Cr) was the least. That means
that under the circumstance of the same contact area, the 40 Cr steel forming channel had
the least unit frictional force and its wear was accordingly small so that it was the most
endurable.
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Fig. 12. Relationship between unit frictional force Frp and temperature (Ar=2%Aa)

Test Verification of Sliding Frictional Force Coupled with Temperature

Table 3 shows the comparison of average unit sliding frictional force tested with
friction-wear test bench and its prediction value under the circumstance of 200 °C and true
contact area Ar= 2% Aa.

Table 3. Comparison of Test and Prediction Values of Unit Sliding Frictional Force
for Sample 1 Forming Channel

Sample Test value mean(x | Prediction value(x |Deviation(x 10° N|Standard deviation(x 10°N
10°N / m?) 10°N / m?) / m?) / m?)
1 8.95 9.22 0.27 0.036
2 2.10 2.44 0.34 0.058
3 9.32 9.81 0.49 0.120
4 7.31 7.70 0.39 0.076

It could be seen that the prediction values of Frpo were slightly larger than the test
values of the four samples. However, the overall difference and variation were small so that
the coupled prediction was good. Hence, the fractal prediction model of sliding frictional
force coupled with temperature can accurately predict the frictional force of forming
channel.

CONCLUSIONS

In this study, four ring die samples (45# steel, 40 Cr steel, 65 Mn spring steel, and
GCrl5 steel) were used to measure and obtain data of their surface morphology with
roughness meter. Then the fractal dimension D and fractal feature G were calculated using
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the yardstick method. Lastly, a fractal prediction model of sliding frictional force against
the interior surface of forming channel was built based on classical contact mechanics and
the M-B fractal contact model, which was coupled with the fractal model of temperature
distribution over friction surface. Numerical simulation as well as friction - wear testing
were conducted to verify the accuracy of the model. The main conclusions were as follows:

1.

When the Rawas 3.428 um for 45# steel, the fractal dimension D was 1.373 and the
fractal feature G was 1.55 x 10 m. For 40 Cr steel, when Ra was 4.002 um, D was
1.359, and G was 0.82 x 10 m. It was Ra 3.680 um, D was 1.366, and G was 1.13 x 10°
6 m for 65 Mn steel. For GCr15 steel, Ra was 3.232 um, D was 1.380, and G was 2.10 x
10 m.

The prediction result of frictional force shows that along with the increasing true contact
area Ar, the frictional force F increased while the unit frictional force Fp decreased.
When Ar < Ar, the slope of F was larger, which means the frictional force increased
more rapidly, and the larger slope of Fp represents a rapidly decreasing unit of frictional
force. When Ar > Ar, the slope of F became smaller, which means the increase of
frictional force became slower, and the smaller slope of Fo represents a slower decrease
of unit of frictional force.

The prediction result of frictional force coupled with temperature shows that when true
contact area Ar= 3.93% Aa, Frand Frp increased with temperature increase; Fr increased
rapidly at first and gradually slowed down. When Ar was small, Frp increased sharply
with temperature rise and the friction was intensified resulting in quick wear of the
forming channel.

The prediction result was approximate to the test result so that an overall accurate
prediction could be achieved by the model. Forming channel of 40 Cr steel had the least
friction so that it is the most endurable of the 4 samples.
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