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Abstract: The wear problems are vital to the planetary roller screw mechanism (PRSM) as they
have a great influence on transmission accuracy, working efficiency, and service life. However,
the wear characteristics of the PRSM have been rarely investigated in the past. In this paper,
a multiscale adhesive wear model is established by incorporating the effective wear coefficient and
considering the thread surface roughness. The variation of surface roughness is characterized by
the two-dimension Majumdar-Bhushan (MB) function. The multi-asperity contact regimes are used
to estimate microcontact mechanics of the rough interface. Moreover, the influences of surface
roughness, material properties, and working conditions on the wear depth and precision loss of the
PRSM are studied in detail. The results reveal that as the surface roughness increases, the total actual
contact area, wear depth, and precision loss rate rise. In addition, the adhesive wear increases with
the growth of the axial load, and decreases with the increase in the material hardness and material
elastic modulus ratio to a certain extent. The investigation opens up a theoretical methodology to
predict the wear volume and precision loss with regard to thread surface roughness, which lays the
foundation for the design, manufacturing, and application of the PRSM.

Keywords: planetary roller screw mechanism; adhesive wear; surface roughness; microcontact
mechanics; accuracy degradation; fractal theory

1. Introduction

As an essential transmission component of linear motion of electromechanical systems,
the planetary roller screw mechanism (PRSM) is widely applied in electric aircrafts [1],
automobile, robots, and defense equipment. In these engineering applications, high preci-
sion, heavy load, lightweight, and long service life are strongly required. In the PRSM, the
wear is inevitable due to relative sliding and large contact stress, which greatly affects the
transmission accuracy and lifetime in the running process. Therefore, it is indispensable to
calculate wear volume and predict precision loss. The wear is influenced by many factors,
including surface roughness, material hardness, material elastic modulus, and operating
condition [2], while the effect of these factors on the contact and wear mechanism of the
PRSM is almost ignored.

Considerable research efforts have been devoted to contact analysis [3,4], kine-
matics [4,5], statics [6-8], and dynamics [9,10]. Sandu et al. [11,12] proposed an efficient
method for analyzing thread profile and predicted threaded contact area. Fu et al. [13]
established a comprehensive contact model, and revealed that contact positions and contact
clearances at the screw—roller and roller-nut interfaces were influenced by manufacturing
errors and misaligned errors. Jones et al. [14] presented in-plane slip velocity caused by
relative slip at the screw-roller interface and by pitch deviation at the roller—nut interface.
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Du et al. [15] proposed a modified load distribution model by considering both axial load
and radial load, and showed that the contact forces and fatigue life were influenced by
the variation of external loads and machining errors. Ma et al. [16] reported the friction
nature of the mating thread surface and revealed the normal pressure and friction force
distributions. Xie et al. [17] indicated the mixed-lubrication model, and showed that the
film thickness, film pressure, and friction coefficient were affected by surface roughness,
rotational speed, and axial load. Fu et al. [18] analyzed the dynamic behaviors were affected
by roller number, pitch, and flank angle. The above researches have paved the way for
wear analysis of the PRSM. In the past, only Aurégan et al. [19,20] studied some wear
characteristics of the PRSM by tribometer, and revealed that the creep ratio played an im-
portant role in adhesive wear. However, the previous experimental mechanism was slightly
different from the wear mechanism of the PRSM and the corresponding wear theory was
not established. In the past two decades, there has been increasingly more attention to
the investigation of wear mechanism based on the fractal theory [21] and Archard’s wear
law [22], because multiscale contacts and wear characteristics could be presented. This
way was applied in gear [23], rolling bearing [24,25], ball screw [2], and sliding screw [26].
Wang et al. [27,28] showed the fractal characterization of rough surfaces and revealed
the interfacial temperature distribution. Yan et al. [29] proposed a modified two-variable
Weierstrass—-Mandelbort (WM) function, and characterized the rough surface. The total
actual normal contact force and contact area were presented by incorporating in fractal
parameters and material properties. Sahoo et al. [30] estimated the adhesive wear by con-
sidering the influence of scale-dependent surface topography, and revealed that the wear
volume relied on the normal load and adhesion arising out of surfaces. Yin et al. [31] stud-
ied the adhesive wear based on three-dimensional fractal surfaces. The results indicated
that surface roughness, material properties, and work of adhesion had a great influence on
the asperity plastic deformation, wear rate, and wear coefficient. Tan et al. [26] proposed
a wear model of the plane sliding pair to estimate the wear resistance, and revealed the
influences of interfacial topography, material properties, and operating conditions on the
wear behaviors. To sum up, the adhesive wear was significantly related to the surface
roughness, material properties, and working conditions. Moreover, the contact and wear
of the PRSM only occurred on the contact ellipse part at a certain time, and the traditional
Archard wear model needed to be modified to predict wear volume accurately. However,
the wear characteristic of the PRSM was not researched by considering these factors.

This paper targets at developing an efficient method to predict the wear volume and
precision loss by incorporating surface roughness, material properties, and operating condi-
tions. Based on multiscale microcontact mechanics, combined with Archard adhesive wear
theory, a multiscale adhesive wear model is established to explore the wear mechanism
under the coupling effect of macro meshing and micro topography, and reveal the laws of
the wear and precision loss of the PRSM. The main contents of this study are as follows:
First, in Section 2, the two-dimension rough profile is characterized by MB function, and
the multi-asperity contact regimes, which include the elastic contact, first elastoplastic
contact, second elastoplastic contact and plastic contact, are used to calculate microcontact
mechanics. Moreover, the multiscale adhesive wear model based on Archard’s theory
is derived by incorporating the effective wear coefficient and microcontact mechanics
of the rough surface. Then, in Section 3, the effects of the surface roughness, material
hardness, material elastic modulus ratio, axial load and rotational speed on the actual
contact area, wear depth and precision loss rate are discussed in detail. Finally, in Section 4,
the important contributions and conclusions are listed.

2. Multiscale Adhesive Wear Model

The structure of the PRSM is shown in Figure 1. In the PRSM, the adhesive wear
mainly focuses on two rough mating thread surfaces at the screw—roller side, because
the main contact mode at the screw-roller side is sliding contact and at the roller-nut
side is rolling contact [16]. Hence, in this paper, the investigation of wear characteristic
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concentrates on the screw—roller side. In order to effectively predict the adhesive wear of
the PRSM, the multiscale wear evaluation mechanism is introduced, as shown in Figure 2.
It can be found from Figure 2a, the macro contact mode of the PRSM is point contact at the
screw-roller side. In the previous wear model of the PRSM, it is assumed that the thread
surfaces of the screw and roller are enough smoothing. However, the thread surface is
rough enough when viewed microscopically. In order to predict the wear volume of the
PRSM more accurately, the fractal characterization of rough thread surface of the screw
and roller is considered in detail. It can be evidently seen from Figure 2b that two mating
rough surfaces are multi-asperity contacts at the screw-roller side for each contact ellipse,
and the multi-asperity microcontacts between two rough surfaces can be equivalent to a
rough-on-rigid solution based on Wang’s analysis [32]. Moreover, Figure 2d illustrates
the multi-asperity contacts under the normal force have different contact regimes, such as
elastic deformation, elastoplastic deformation and plastic deformation, among which the
plastic deformation is the most important factor causing wear. The representative wear
stages presented in Figure 2f are divided into running-in, mild wear and severe wear [33],
among which the second is mainly investigated in the paper. To sum up, the multiscale
wear model of the PRSM is defined as follows:

V(t) = ni KuwAiS(t) 1)
i=1

where, n and n; are the number of the roller and the thread teeth of the roller, respectively.
Ky is Archard’s wear coefficient. A,; denotes the total actual contact area at it contact ellipse,
and it is related to normal contact force, material yield strength and surface roughness. S(t)
is the relative sliding distance changes with time.

2.1. Rough Surface Characterization

In order to investigate the influence of surface roughness on adhesive wear, the frac-
tal theory is incorporated in the multiscale wear model and used to present the rough
surface. The equivalent fractal (rough) surface is characterized by continuity [34], non-
differentiability [31] and self-affinity [35] so that it can be close to the actual machining
surface. Moreover, the actual surface of the three-dimension topography can be measured
by a white light interferometer (Zygo New View 9000), as shown in Figure 3. The corre-
sponding simulated surface can be characterized by the Yan-Komvopoulos (YK) function,
the parameters of which can be identified by the measurement result. The YK function is
written as [31]:

(D 72) n 1/2 M gmax
z(x,y) — L(%) 3 (IM(Y) y Y 7(D373)‘7
m=1 g=0 (2)

2, .2\1/2
X {cos Pm,g — COS {Wcos(tan_l(b — ) 4 ¢m,q:| }

where, L is the sample length. G is the fractal roughness. D3 (2 < D3 < 3) is the three-
dimension fractal dimension. M is the number of superimposed ridges. < is generally
equal to 1.5. g is the spatial frequency index. gmax is the upper limit of spatial frequency
index and gmax = int[log(L/Ls)/ logY]. ¢mq (0 < ¢y < 27) is a random phase.
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Figure 1. Planetary roller screw mechanism.

(a)Macro contact (b)Multi-asperity contact (c)Equivalent rough-rigid contact
/_\-/I\I{ \. Rough surface Rough surface
<, (Roller) (Roller)
Roller| —# — LN
! Rough surface \ Equivalent rigid surface '
LS (Screw) (Screw)
Screw

g ®|_ Elastic Plastic

[} Q = I

£ g 2

2 3 8

= R &

= = o

< | < <2

b5 8

=y | Egl
| : z © stic ‘Elastoplastic Plastic
Running time Normalized respresentive strain
(fH)Wear volume (e)Sliding adhesive wear (d)Contact deformation regime

Figure 2. The technical diagram of multiscale wear evaluation of the PRSM.

Figure 3. Interfacial topography measurement.
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In order to simplify the calculation, the Majumdar-Bhushan (MB) function is usually
used to characterize the two-dimensional profile of the rough surface and introduced as
follows [36]:

z(x) = GP~1(2r)* P cos(%), (—r<x<r) (3)

where, D is the two-dimensional fractal dimension. r denotes the contact radius of an
asperity contact. The fractal roughness G and surface roughness Ra can be approximated
as an exponential relationship, which is defined by:

G— 10—(5,26/Ra0~042) (4)

In addition, the fractal dimension D (1 < D < 2) can also be obtained by surface
roughness Ra, and the relation is expressed by [37]:

1.528

D= Ra0042 ®)

Substituting Equations (4) and (5) into Equation (3), the relation between fractal
function and surface roughness can be expressed by:

z(x) = 10—5,26(Ra0'042—1.528) /Ra0084 (27)2—1.528 /Ra%042 cos( 72T;C) )

During the design and manufacturing, the surface roughness Ra can be considered
as a constant, which mainly depends on the accuracy requirement and machining cost.
Therefore, the rough two-dimension profile can be effectively characterized by Equation (6).

2.2. Multiscale Contact Mechanic Models

The contact mode at two rough mating surfaces is multi-asperity contact, as shown in
Figure 2b. The asperity heights of the thread surface and the contact load at each contact
ellipse are significantly different, resulting in a big difference in the microcontact regimes
of the asperities. Therefore, it is essential to analyze the various contact mechanism by the
single-asperity method, as shown in Figure 4.

Figure 4. Schematic diagram of single asperity contact.

2.2.1. Single Asperity Contact

Figure 5 shows the schematic diagram of microcontact deformation of single asperity.
The deformation ¢ can be considered as the peak-to-valley amplitude of z(x) in accordance
with Equation (3) and written as:

§ = GP-1(2r)*7P )

and the asperity’s curvature radius of R can be written as:

1 aD/Z

R= ~ 2Ggh-1 ®)
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Figure 5. Microcontact deformation of single asperity.

When the asperity under normal load reaches initial yielding, the critical contact
deformation can be obtained as:

bec = (1.471KP)*R )

where, K is the hardness coefficient and K = 0.454 + 0.41v. ¢ is equal to o5/ Eg and Ej is
the equivalent Young’s modulus and 1/Ey = (1 —03)/E; 4+ (1 — 03)/E,. E; and E; are
Young’s modulus of the screw and the roller, respectively.

Then, the critical elastic contact area corresponding to the critical elastic contact
deformation can be expressed as:

fec = TROue = (147 2KgR)’ (10)

According to You’s conclusion [38], the critical elastoplastic contact area a.,c and
plastic contact area ay, can be defined by:
fepe = 61/1=Dg,, = 61/(1-D)(1.473/2K¢R)” an
ape = 1101/ (1-Dg,. = 1101/ (1-D)(1.473/2K¢R)”

Based on the above three critical contact areas, the contact regimes can be divided into
four kinds: (1) the fully elastic contact regime (4., < a < ar), and a; denotes the maximum
contact area; (2) the first elastoplastic contact regime (61/ (1-D )agc < a < aec); (3) the second
elastoplastic contact regime (1101 1=Pg,. < a < 61/(1=P)g,); (4) the fully plastic contact
regime (0 < a < 110"/ (1=P)g,.). The contact forces of the asperity under the corresponding
contact regime can be written as:

F = 4x'/2E,GP~1a3-D)/2/3
Fepl — 0.7521KH[1;CO'2544111'2544
Fepp = 0.9992K Ha, 01021411021
F, = Ha

(12)

where, F,, Fep1, Fep2, Fp are the elastic contact force, first elastoplastic contact force, second
elastoplastic contact force and plastic contact force of the asperity, respectively.

2.2.2. Multi-Asperity Contacts

As mentioned in the previous section, there are four different contact regimes and
they are mainly dependent on the scale of contact asperity. The size distribution function
of the asperity can be expressed as follows [27]:

(13)

n(a') = Dy(-D)/2(g P2 ()" (PH22 (0 <’ < a))
0, (a) <a' < +o0)
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where, ¢ is the domain extension factor and can be obtained by:

#)(Z_D)/Z _ (1 + lP—D/Z)(sz)/D
2-D)/D

=1 (14)

Moreover, in the PRSM, the multi-asperity contact regimes of mating surfaces between
the roller and the screw could be different at contact positions. Because the normal contact
forces of the roller thread teeth at contact positions decrease with the increase in thread
number, and the difference between the maximum and the minimum contact force is more
than 100 N [8,15]. Especially the contact forces are concentrated on the first few teeth.
Therefore, in order to obtain actual contact areas and contact forces accurately, it is essential
to implement segmented calculations. When the fractal dimension D is not equal to 1.5, the
actual contact areas and contact forces over each contact ellipse can be divided into four
cases and described in detail as follows:

(1) When0 < gy < Ape, the contact regimes are in full plastic deformation and the actual
contact area and contact force can be written as:

a
Al = / La;n(a’)da’ (15)
0

a/
P;:/LF;,n(a’)da’ (16)
0

(2) Whenay < ap < aep, the contact regimes include the plastic and second elastoplastic
deformations, and the actual contact area and contact force can be expressed by:

Ty ay
Al :/0 a;n(a’)da’—l-/alc agycn(a’)da’ (17)

F = / Ndd' + / Flon(a')da (18)

(3) When a,p. < ap < ae, the contact regimes include the plastic, second elastoplastic
and first elastoplastic deformations, and the actual contact area and contact force can
be defined as follows:

Al = / "da' + / don(a)da + [ alin(a)da’ (19)

aepc
Ty
:./0 Fyn(a')da’ +/ Fopon(a')da’ + ” P’pln( a')da (20)

(4) When g, < ap, the contact regimes include the plastic, second elastoplastic, first
elastoplastic and elastic deformations, and the actual contact area and contact force
can be written as:

Al = / "\da' +/ epzn "da' + ;pln(a’)da’+ “a 'n(a')da' (21)

ag epc Jage

al,. al,
:/0” Eyn(a)da +/ Elon(a)dd + [ Flyn(a)da’ + " Vdd (22)

’lepc Jage

where, A) is the truncated area and A, = 2A,.
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In order to simplify the calculation, dimensionless variables are introduced by:

[* — F [* — F, x _ _G

r EgAq” a EgAq” VA, (23)
at Aec 4)* — O A* = Ay

ec — EoA,’ — Ey’ i Aq

Substituting Equations (12)-(15) into Equation (22), the relation between dimensionless
actual contact force and dimensionless contact area can be expressed by:

2 (2-D 3-2D)/2

«D/2 )/ / ( « (3-2D)/
Fr = AD)A a4 (D) (A7) P+ (D) A (fa(D) 4 — a7 )
2-D)/2
where, f1(D) = 5.6 X 110<27D)/(272D><%)( ) pp(D-2°/4
_ K343 p(D-22/4
f2(D) = 0457D~P)/22P (2 - D)P 2T £ (D),
5(3-D)/2)(2-D)/2(p_p)P/2 (2-D)/2 o2 D (2D-3)/2 _ _
f3(D) = 3@(3_2&)) ) (%D) p(D=2"/4 £(D) = (ﬁ) p(D-2)(3-2D)/4,
1.03 176(1,425—0,925D)/(1—D) 14 6(1.263—0.763D)/(1—D)7110(1.263—0.763D)/(1—D)
f5(D) = M T475-0925D Ly 1 1263-0.763D L,
When D = 1.5,
* G*l/z A:’F x1/2 1/16 /4 4%3/4
Aec P 2agc
2.6741K3¢3
where, f¢(D) = 272 f5(D).
Then, the dimensionless total axial load can be defined by:
1t
Fy =n) F} (26)
i=1

Substituting Equation (24) into Equation (26), the relation between the total axial load and
actual contact area can be expressed by:

It can be found from Equation (27) that the total axial load is a function of the actual
contact area. Moreover, when the actual contact force is known at each contact position,
the actual contact area can be solved according to Equation (24).

(3—2D)/2 « (3-2D)/2

D/2 s (2=D
a — lpe

ec

" H(D) (i An)P? + (D) AR [fu(D)(47) 27)

2.3. Macro Contact Forces

The actual contact force at the screw-roller and roller-nut side can be obtained by
macro recursive equation of the load distribution and written as [6]:

i

i
SR SR _ pNR
FSR _ SR Far — ; Prj SR _ FSR ; (Frj —E; ) SR _ FSR
ri ritl j=1 rit1 ” trio =1 pritl T g (og)
Ksre Kss Ksr Kgs Kgrr
i i
NR SR _ pNR
FNR _ ENR Fa — § Frj FNR _ ENR ; <Frj - Frj ) FNR _ ENR
ri ri+1 =1 ri+1 i =1 ri ritl _ (29)
KNre Kns KNt Kgs Kgrr

where, Ksrc and Kygrc is the normal contact stiffness of the screw and the roller, respectively.
Kss and Kpg are the shaft section stiffness of the screw and the roller, respectively. Ksr and
Kgr are the thread stiffness of the screw and the roller, respectively. F,; is the axial load of
a roller.
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According to Equations (28) and (29), the normal contact force F,; at ith thread tooth
can be obtained so that the total actual contact area A,; at it thread tooth can be solved by
Equations (24) and (28).

2.4. Relative Sliding Velocity and Distance

The adhesive wear of the PRSM is mainly caused by the relative sliding, which is
derived from the difference in the helix angles between the roller and the screw. Figure 6
shows the schematic diagram of the velocity analysis at the screw—roller interface. In
Figure 6, Il; and I, are the mating thread surface of the screw and roller, respectively. The
mating surfaces I'l; and Il coincide at the contact point G’. G is the projection of the contact
point G’ in the X;OsY; plane. rs, and r,s are the meshing radii of the screw and the roller,
respectively. 6;, and 6,; are the meshing angles of the screw and the roller, respectively.
The meshing radii and angles can be obtained by [13]. ws and wy, are the angular velocity
of the screw and the revolution angular velocity of the roller, respectively. In the running
process, the screw rotates around its own axis at the speed of ws, the roller revolves around
the screw at the speed of wy, and at the same time rotates around its own axis at the speed

of wy. The magnitude of the sliding velocity of it" thread tooth at the screw-roller interface
can be defined by:

.
v

wsLs \?
= \/rgr(ws — wp)z + (nsrrsa)p)2 — 21 7ysSswp(ws — wp) cos(Osy + Oys) + ( 257TS> (30)

Hence, the sliding distance can be expressed as follows:

slip
Ui

Si(t) = t (31)

: Z
Hr G, HS sA
|
|
I S
L e L
1 ‘~‘
| N
X ) ,"' s Vo rp ““.
< s r 4 a) ‘E
4 6 6 s H
v sr '
r rs ’ps
Y,

Figure 6. Velocity analysis at the screw—roller interface.

2.5. Extended Multiscale Wear Volume and Precision Loss Model

The wear and contact mechanism of the PRSM at the screw-roller interface is shown in Figure 7.
It can be found that the contact between the screw and the roller is intermittent in the running
processing. It is essential to predict the wear volume considering the partial contact mechanism.
Hence, according to the contact and wear characteristics in the actual running processing, the wear
volume of the roller can be written as:

Vi(t) = KEKwAiSi(t) (32)



Fractal Fract. 2021, 5, 237 10 of 20
where, Kf, is the effective wear coefficient and can be defined by:
Kg _ Za)pbf _ bi sin )\y (33)
2wy P/ sin Ay P,

where, b; is the ellipse semi-minor axes. P, and A, are the lead and helix angle of the roller, respectively.

Nu

A
oIIer I: g II:
NS SNL N

Vg
Vg

Figure 7. Wear and contact mechanism at the screw—roller interface.

According to Equations (31)-(33), the wear depth of the ith thread tooth of the roller can be
written by:

KEKy A, ||t
it = ——— L (34
ni
where, the elliptical area A,; of the ith contact ellipse can be calculated by:
Ani = ﬂﬂfbf (35)

According to [15], the semi-major and semi-minor axes of ith contact ellipse at the screw-roller

interface are expressed by
e 3 3FriE0
a; =May/ Sy (36)

e __ 3/3FEq
bi = My </ 725:‘0
where, p is the curvature sum.

Hence, the precision loss of the PRSM can be obtained by Equation (34) and expressed by:

’
v

n KEKy A, t
K= _ (37)
,':21 Ani
Additionally, the precision loss rate can be written as follows:
n KEKyA; v
_ 38
h= i (38)

i=1

2.6. Numerical Implementation

The overall calculation processing of the actual contact area, wear depth, and precision loss rate
is shown in Figure 8, and systematically described as follows:

(1)  Input machining parameters, design parameters and operating conditions;

(2)  Given the maximum contact area of single asperity ar,;

(3) Calculate the elastic critical contact area a,, elastoplastic critical contact area . and plastic
contact area ay according to Equations (10) and (11);

(4) Judge the contact regime. If a; < ap, the microcontact is the fully plastic deformation. If
ape < ap < depc, the microcontacts include the fully plastic and second elastoplastic deforma-
tions. If aepe < ap < aec, the microcontacts consist of the fully plastic, second elastoplastic and
first elastoplastic deformations. If a; > a,., the microcontacts include the fully plastic, second
elastoplastic, first elastoplastic and elastic deformations;

(5) Compute the total actual contact area and contact force by Equations (21)—(24). If | (F; — Fa0) / Fa|
< g, then reassign the maximum contact area of single asperity a;, = a;, + ksAay, and jump to
step (2) to recalculate the total actual contact force until ¢ < 0;
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(6) Calculate the relative sliding velocity, effective wear coefficient and elliptical contact area
according to Equations (30), (33) and (35);

(7)  Compute the wear depth, precision loss and precision loss rate by Equations (34), (37) and (38);

(8)  Output the total actual contact area, wear depth and precision loss rate.

Input

Compute critical

| S .
q q N\
Give maximum Judge | / PALARIEICTS
contact area q
contact area ( deformation types
L a_ ,a _,a . e
| @ G Machining

' parameters:

Surface roughness

|

|

|

|

|

|

|

I Design parameters:
| Pitch, Start number

: Flank angle
|

|

|

|

|

|

|

|

Nominal radius

Material hardness

| ‘ ,

R e e e~

| a,<a<a, | G, <a<a, a,<a<a, O<a<a )
Elastic LIRS X Second . Plastic .
deformation elastoplas'nc elastoplas'tlc A tredtion Operating parameters:
deformation deformation Rotational speed
Axial load
| Multiscale contact analysi* N o
Actual contact force Actual contact area ___ _ | Output | -
| / results \
- I I
|
—_— —_ ~ I Actual contact area :
| |
Relative sliding velocity | |
| a th |
| Adhesive wear | Wear dep |
Normal contact area volume | | |
Wear depth | .. |
k . . | Precision loss rate
Effective wear coefficient ( /I
N N ”

Figure 8. Flowchart of the calculation of the wear volume and precision loss.

3. Result and Discussion

In this section, an investigation on the adhesive wear of the PRSM is carried out by numerical
calculations. These results cover total actual contact area, wear depth and precision loss rate by
considering the influences of surface roughness, material hardness, material elastic modulus, and
axial load. The detailed design parameters of the PRSM are shown in Table 1. The adhesive wear
coefficient is approximately 1.69 x 1011 [39].

Table 1. The design parameters of the PRSM.

Parameters Screw Roller Nut
Radius (mm) 10.5 35 17.5
Flank angle (rad) /4 /4 /4
Pitch (mm) 2 2 2
Start 5 1 5
Roller number / 10 /
Teeth number 120 20 20
Material GCr15
Hardness (HRC) 62
Poisson ratio 0.29

3.1. Precision Loss

Figure 9 illustrates the variation of the precision loss under the different number of the thread
teeth of the roller and running time, when the axial load is 30 kN and the rotational speed is 300 rpm,
and the surface roughness is Ra0.3. It can be notably found that the precision loss increases with the
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growth of the running time. Moreover, the increment of that slowly rises with the increase in the
number of the thread teeth of the roller. However, the contact forces of the corresponding thread teeth
decrease as the thread teeth number increase [39]. To this end, the increase in wear depth caused by
the increase in the number of thread teeth is greater than the decrease in that caused by the decrease
in the contact force. It can be concluded that although the increase in the number of the roller thread
teeth can reduce the contact forces to a certain extent, it also leads to increased wear of the PRSM and
accuracy degradation.

0.008

Precision loss (mm)
=
2

Figure 9. The variation of the precision loss versus the number of thread teeth of the roller and
running time.

3.2. Effect of Surface Roughness

In order to research the effect of surface roughness on the adhesive wear of the PRSM, the
actual contact area, wear depth, and precision loss rate can be estimated according to Section 2. The
three-dimension surface topography and two-dimension profile are presented under the different
surface roughness (the values are Ra0.3, Ra0.5 and Ra0.8), as shown in Figure 10. These surfaces or
profiles are generated by Matlab 2017b with the parameters of Table 2. It can be obviously seen from
Figure 10 that the fluctuations between the peak and the valley significantly rise with the increase in
surface roughness.

(b1)

0.3

in
Z/pm

0.3

-0.6 T T T T 1 -2.5 T T T T 1 3 T T T T ™
0 100 200 300 400 500 () 100 200 300 400 500 0 100 200 300 400 500
X/pm X/pm X/pm

Figure 10. Three-dimension fractal surfaces and two-dimension rough profiles under the different surface roughness:
(al,a2) are Ra0.3; (b1,b2) are Ra0.5; (c1,c2) are Ra0.8.
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Table 2. The fractal surface parameters.
Surface Roughness Ra0.3 Ra0.5 Ra0.8
Fractal dimension D 1.607 1.573 1.542
Fractal roughness G/m 293 x 1077 3.84 x 1077 5.43 x 1077
Sample length L/um 500 500 500

Figure 11 shows the total contact actual area and wear depth at each ellipse with the
variations of the surface roughness and thread number, when the axial is 30 kN and the
rotational speed is 300 rpm, and the running time is 750 h. As shown in Figure 11, it can be
observed that the larger the surface roughness, the bigger the total actual contact area and
wear depth at each contact ellipse. The main reason is that the height difference between
the highest and the lowest asperities significantly increases with the growth of surface
roughness, which causes the increment of the microcontact pressure and plastic deforma-
tion of the asperity. That is, under the same contact ellipse and load, the proportion of
plastic deformation increases as the roughness increases. As a result, the actual contact area
also rises so that the wear depth can increase. That can also be illustrated by Equation (34).

if) I Ra0.3 [ Ra0.5 [ Ra0.8
0.8
0.6
0.4
0.2

0.0
0.10

0.08 -
0.06 -
0.04 4
) 4
< 0.02 4
0.00 -

0 2 4 6 8 10 12 14 16 18 20
Thread number

pth(um) Actual contact area (mm?)

Wear

Figure 11. The variations of the total contact area and wear depth versus the surface roughness and
thread number.

Figure 12 shows the precision loss rate against the surface roughness. It can be seen
that the precision loss rate increases with the growth of surface roughness. That is consistent
with Figure 11. Therefore, the surface roughness of the thread surface should be as low as
possible under the premise of meeting accuracy and cost.

3.3. Effects of Material Hardness and Elastic Modulus Ratio

In the PRSM, the hardness of thread raceway of the screw, roller, and nut is usually
58-62 HRC [40]. Figure 13 shows the variations of total actual contact area and wear depth
at each contact ellipse versus the material hardness and thread number, when the axial
load is 30 kN, and the surface roughness is Ra0.3, and the rotational speed is 300 rpm.
As shown in Figure 13, the total actual area at each ellipse increases with the decrease in
material hardness. The main reason is that the higher the hardness of the material, the
stronger the surface resistance to plastic deformation. That causes the decrement of total
actual contact area at each contact ellipse. The reduction in total actual contact area results
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in the decrease in the precision loss rate, which is shown in Figure 14. Therefore, it can be
concluded that the thread raceway of the screw and roller with high hardness shows better
wear resistance and contributes to the precision sustainability to a certain extent.

0.014

0.013 1

0.012 1

0.011 4

0.010

Precision loss rate (um/h)

0.009

0.008

o/q

*)

Ra0.3 Ra0.5 Ra0.8
Surface roughness (um)

Figure 12. Precision loss rate in different surface roughness.

50,90 -
0.75 -
0.60 -
0.45 -
0.30 -
S (.15 -
0.00 -
0.07
Z 0.06 1
20.05
2.0.04 1
< 0.03
S 0.02 -
= 0.01 -

ontact area (mm?2

Actual

0.00 ~
0

I 525RC [ 58HRC [ 54HRC

2 4 6 8 10 12 14 16 18 20
Thread number

Figure 13. The variations of the total contact area and wear depth versus the material hardness and
thread number.
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Precision loss rate (um/h)
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Material hardness (HRC)

Figure 14. Precision loss rate under different material hardness.

Figure 15 illustrates the actual contact area and wear depth against the material elastic
modulus ratio. It can be markedly found from Figure 15 that the uniformity of the actual
contact area distribution increases with the growth of the material elastic modulus ratio
Es/Er. The main reason is that the reduction in the elastic modulus of the roller results in
an increase in the roller teeth deformation, so that the load distribution can become more
uniform. That is similar to bolted joint in [41]. As a result, the distribution of the actual
contact area becomes even. Moreover, the wear depth decreases as the increase in the
ratio. As can be seen from Figure 16, the results indicate that the precision loss rate reduces
by 17.5% from 0.0094 um/h to 0.0078 um/h when the elastic modulus ratio varies from
1/1.5 to 1/0.5. Therefore, the elastic modulus of the roller appropriately reduces, especially
ensure Es/Er > 1, so that the wear resistance of the PRSM can be effectively improved.

0.8 - [ ] esE=1/15 B EsE=1/12 [0 Es/Er=1
B cse-108 B EsE=1005

0.6 1

0.4 1

0 2 4 6 8 12 14 16 18 20

10
Thread number

Figure 15. The variations of the total actual contact area and wear depth versus the material elastic
modulus ratio and thread number.
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Figure 16. Precision loss rate under different material elastic modulus ratio.

3.4. Effect of Axial Load

Figure 17 illustrates the variations of the total actual contact area and wear depth
under the different axial load and thread number, when the rotational speed is 300 rpm
and the surface roughness is Ra0.3. It can be found from Figure 17 that the actual contact
area at the corresponding thread tooth notably increases with the growth of the axial load.
That is mainly due to the fact that, under the same surface roughness, the microcontact
forces of the asperities obviously enlarge as an increase in the axial load, which leads to
the increment of microcontact deformations. Especially the plastic deformation notably
increases at the corresponding height of the asperities. That causes the increment of the
plastic contact area so that the wear depth rises accordingly. Moreover, the precision loss
rate significantly rises as the increase in axial load shown in Figure 18.

1.2 I r=10kN [ F=20kN [0 F=30kN [JJl] F=40kN
1.0 1

0.8
0.6
0.4 1
0.2 1

0.0 -
0.08 -

2

Actual contact area (mm®)

Wear depth (mm)
S S S
=) ) =)
= = X

1 1 1

0 2 4 6 8 10 12 14 16 18 20
Thread number

Figure 17. Actual contact area in different axial loads.
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Figure 18. Precision loss rate in different axial loads.

4. Conclusions

In this paper, the adhesive wear mechanism considering the surface roughness of the
thread raceway is investigated utilizing Archard’s wear theory and fractal theory. Herein,
a multiscale adhesive model is presented by incorporating the surface roughness and
material hardness, and modified by combining the effective wear coefficient. The effects of
the surface roughness, material hardness, material elastic modulus ratio, and axial load
on the actual contact area, wear depth, and precision loss are furtherly studied. The main
contributions and conclusions are summarized as follows:

(1) The surface roughness has a great influence on the wear depth and precision loss.
The larger the surface roughness, the higher the height of the asperities at the contact
surface, which causes the increment of local plastic microcontacts. That results in the
growth of the total actual contact area. As a result, the wear depth and precision loss
rate significantly increase;

(2) The influence of the material hardness on the variation of the precision loss rate is
obvious. The higher the hardness of the material, the stronger the surface resistance
to plastic deformation. That causes the decrement of total actual contact area at each
contact ellipse so that the precision loss rate can be notably decreased;

(3) The increase in the material elastic modulus ratio (Es/ E,) will improve the uniformity
of the actual contact area distribution and load distribution. The precision loss rate is
reduced accordingly. The suggested material elastic modulus ratio is more than 1 with
comprehensive consideration of the contact deformation mechanism and axial load;

(4) The accuracy degradation of the PRSM considering the rough surface is also in-
fluenced by the working conditions. When the axial load rises, the actual contact
area and contact force become larger, so the wear depth and precision loss become
aggravated accordingly.
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Nomenclature

a,a

Real contact area and truncated contact area, respectively, (m?)

a, bt Ellipse semi-major and semi-minor axes, respectively, (m)

ar, Maximum contact area, (m?)

my Major semi-axis coefficient of the contact ellipse

n Number of the roller

nt Number of the thread teeth of the roller

q Spatial frequency index

r,r Actual contact radius and truncated radius of the asperity, respectively, (m)

1,02 Poisson ratio of the screw and roller, respectively

Aq Nominal contact area, (m?)

Ay Total actual contact area at single contact ellipse, (mz)

D, D, Fractal dimension of the two-dimensional profile and three-dimensional
topography, respectively

E1,E> Young’s modulus of the screw and the roller, respectively, (Pa)

F., Fn Total axial load and single roller axial load, respectively, (N)

F,; Normal contact force at i contact ellipse, (N)

G Fractal roughness, (m)

Ko, KE Archard’s wear coefficient and effective wear coefficient, respectively

L Sample length, (m)

M Number of superimposed ridges

S Relative sliding distance (m)

Greek letters

Ar Helix angle of the roller, (rad)

6 Contact deformation of single asperity, (m)

P Domain extension factor

P Curvature sum

Subscript

ec Critical elastic contact

epc Critical elastoplastic contact

pc Critical plastic contact

e Elastic contact

epl First elastoplastic contact

ep2 Second elastoplastic contact

[4 Plastic contact

Superscript

*
/

Dimensionless variable
Truncated variable
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