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Abstract

Gear power-honing is mainly applied to finish small and medium-sized automotive gears, especially in new energy
vehicles. The distinctive curved surface texture greatly improves the noise emission and service life of honed gears.
The surface texture for honed gear considering the motion path and geometrical shape of abrasive particles

has not been investigated. In this paper, the kinematics of the gear honing process is analyzed, and the machining
marks produced by the abrasive particles of honing wheel scratching abrasive particles against the workpiece gear
are calculated. The tooth surface roughness is modeled considering abrasive particle shapes and material plastic
pile-ups. This results in a mathematical model that characterizes the structure of the tooth surface and the orienta-
tion of the machining marks. Experiments were used to verify the model, with a maximum relative error of less than

10% when abrasive particles are spherical. Based on this model, the effects of process parameters on the speeds
of discrete points on the tooth flank, orientations of machining marks and roughness are discussed. The results
show that the shaft angle between the workpiece gear and the honing wheel and the speed of the honing wheel
is the main process parameters affecting the surface texture. This research proposes a surface texture model

for honed gear, which can provide a theoretical basis for optimizing process parameters for gear power-honing.

Keywords Hardened gear, Gear power-honing, Surface texture, Roughness

1 Introduction

Hardened gear is a key component of the transmission
system of new energy vehicles (NEVs), which is one of
the main noise sources of NEVs [1]. Finishing processes
for hardened gears have received increased attention as
NEVs place higher demands on reducing gear meshing
noise [2]. Gear grinding and gear power honing are the
two main methods for finishing hardened gears [3]. Com-
pared with gear grinding, gear power honing can avoid
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tooth surface burn due to its low grinding speed [4]. On
the other hand, power honing will produce a unique
texture on the tooth surface, resulting in low noise per-
formance [4-7]. This is one of the most important
advantages of power honing. However, the mechanism
for forming features such as texture distribution and
roughness on power-honed tooth surfaces has not been
adequately investigated in published sources. Therefore,
this study aims to discuss the honed gear surface texture
formation mechanism and propose a modeling method
to provide a theoretical basis for optimizing process
parameters.

Some scholars have conducted in-depth research on
the processing mechanism, forming characteristics of
gear honing and the optimization and modification of
honed gear [8-13]. For example, Bergs [14] calculated
the velocity at the contact point between the tool and
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the workpiece and proposed a gear-honing process force
model to improve the robustness of the honing process.
Liang et al. [15] established the vector expression of cut-
ting speed at the contact point for gear external honing
and introduced a relationship between cutting speed at
contact points and the surface quality of gears. Further-
more, it confirmed that the surface texture of the honed
gear has a visible difference from the top to the root of
the tooth. Talu et al. [16] compared the tooth surface tex-
tures of straight bevel gears using pulsed electrochemical
honing and pulsed electrochemical finishing processes
to provide support for process parameter optimization.
Yuan et al. [17] proposed a tooth surface roughness mod-
eling method based on the conical abrasive grain assump-
tion, established a roughness model along the tooth
surface and tooth orientation direction, and investigated
the effect of the axis intersection angle on the rough-
ness. Han et al. [18] developed a roughness model based
on experimental data using the response surface method
and similarly discussed the effect of process parameters
on roughness. The above models can reflect the complex
motion and contact states in gear honing. However, there
are some shortcomings in these models regarding surface
textures. For example, the modeling process may ignore
the influence of different abrasive shapes and the varia-
tion of the roughness distribution at different gradients
of the tooth surface due to specific textures. Yang et al.
[19] have mentioned that the irregular texture produced
by power honing can reduce gear meshing noise. There-
fore, it is necessary to study the surface texture by obtain-
ing the machining marks on the honed gear first. Then
the process parameters are guided to reduce the NVH of
NEVs by using the surface texture characteristics of hon-
ing gears.

The gear-honing tool is essentially a grinding wheel in the
shape of an internal helical gear [20]. The workpiece mate-
rial is removed and the tooth flank is finished by rubbing,
ploughing, and cutting abrasive particles. In the process,
machining marks are generated. Ono et al. [21] built the
classical theory of grinding mechanism based on the con-
cept of subsequent grinding edge. Based on the assumption
of uniformly distributed abrasive particles, Wang et al. [22]
obtained the surface roughness of an aero-engine blade with
different curvature variations by superimposing a simula-
tion model of contact deformation at the grinding interface
with the equations of the trajectory of the abrasive grains.
Kang et al. [23] constructed a model of the distribution,
size, and shape of active and broken abrasive grains based
on image processing data and established a three-dimen-
sional morphological model of the grinding wheel that
agrees with the actual. Elwasli et al. [24] discussed the effect
of initial surface topography on wear and friction behavior
and accurately predicted the wear behavior of smooth and
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rough surfaces. Xiong et al. [25] studied the mechanism of
cutting-edge burr formation by considering the material
build-up effect in the micro drill grinding process. Moreo-
ver, much concrete research discussed the relationship
between the surface roughness and the number of effective
abrasive particles according to the mass of grinding test data
[26, 27]. These researches establish many roughness mod-
els considering the abrasive particle shape, material plastic
pile-up and effective abrasive particle number for ground
surface topography/structure. However, research on gear
has focused on optimizing grinding process parameters by
investigating the mechanism of surface texture generation
on ground teeth [8, 28]. The model of surface texture for
honed gear considering these characteristics is still scarce.
Therefore, it is important to study the honed surface tex-
ture by calculating its roughness considering the above
characteristics.

The literature review shows that modeling the surface
texture of honed gears suffers from a lack of consideration
of different abrasive shapes and the distribution of different
gradients of roughness on tooth surfaces. In conjunction
with grinding theory, a theoretical model of the surface
texture of honed gears is proposed in this study to address
these gaps. The machining marks on the tooth flank were
obtained by numerical calculation. The roughness was
modeled considering the effects of abrasive particle geo-
metrical shape and material plastic pile-up to quantify the
honed surface texture. A series of experiments on gear
power-honing were carried out to verify the effectiveness
and robustness of the roughness model. Moreover, the
speeds of discrete points on the tooth flank, the orienta-
tions of machining marks and the roughness of honed gear
were discussed under different processing parameters.

2 Theoretical Model

The common application of gear power-honing is the
hard finishing of external gears. In this case, the contact
between a workpiece and a honing tool with geometri-
cally undefined cutting edges is equivalent to the contact
of a gear pair with intersecting axes. In the modeling, a
series of machining marks are obtained by numerical cal-
culation, generated by scratching of abrasive particles,
and superimposed to build the surface texture of honed
gear.

2.1 Kinematics of Gear Honing Process
The relationship between workpiece angular velocity o,,
and honing tool angular velocity ey, is expressed as:

|@w| _ ow () _ M
lwpl  on@) B

=i, (t=0), 1)

where ¢,(f) and ¢,(f) are rotation angles of workpiece
and honing tool, which are equal to the dot product of
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workpiece angular velocity @, and honing tool angu-
lar velocity @y, over time, respectively; n,, and n;, are the
tooth number of workpiece and honing tool, respectively;
i is a transmission ratio.

As shown in Figure 1, spatial coordinate systems of
workpiece and honing tool are established, including a
workpiece fixed coordinate system S ¢ (O, %y ViwtZut)s
a honing tool fixed coordinate system Sy (Opr%pe Vi
zy,¢), @ workpiece rotation coordinate system S, (O,,-x,,-
Yw-Z) and a honing tool rotation coordinate system Sy
(Op-%,-y4-21,). The origins of coordinate systems S and
S,, are located at the centroid of workpiece. The origins
of coordinate system S,; and S, are fixed at the centroid
of honing tool. Any two axes in a coordinate system are
perpendicular to each other. The axes x,, *,, %, and
xy, coincide and pass through the centroids of the work-
piece and honing wheel. The axes z,, and z,, are perpen-
dicular to the end faces of workpiece and honing tool,
respectively. d is the distance between the workpiece
centroid and honing tool centroid. y is a cross axis
angle which is equal to the difference between helix
angle of honing tool (f3;) and helix angle of workpiece
(Bu)rice y= 1By — Bul.

In coordinate system S, the tooth flank of workpiece
is an involute helicoid. The tooth flank equation r,,(C, #)
of workpiece is [29]:

Kw 1y cos(M+¢) + rp¢sin(n+¢)
rw(@n = | yw | = | rosin(n+¢) — rplcos(n +¢) |,
Zw NPw

()
where ry is the basic circle radius of workpiece; 7 is an
angle parameter of the intersection point between invo-
lute and base circle, which varies from 7, to #g ( is an
angle parameter of involute, which varies from {; to (s p,,
is the workpiece lead.

The relative velocity v between workpiece and honing
tool can be calculated by:

V = Vwfw — Vwfh
= Wyfw X rwf,w(é‘r N, ow (1)) — Wywfh X rwf,h({: 7, ow(t))
— yw(l —cosy /i) + zy cos oy (t) - siny /i
— dsin gy (t) - cosy/i
xw(l —cosy /i) — zysin gy (t) - siny/i ,
— d cosgy(t) - cosy/i
—(%w COS Py (E) — Ywsingw(t) +d) -siny/i

:a)w

3)
where v, ¢ and v, are velocities on the tooth flank of
workpiece and honing tool, respectively; @, and @},
are angular velocities of workpiece and honing tool,
respectively; r,¢ . (, 7, ¢,,(1)) and 7,1 ((, 7, ¢,,(£)) are the
tooth flank equations of workpiece and honing tool in

coordinate system S, respectively.
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According to the meshing theory, the meshing equa-
tion is expressed as follows:

V(Cl: n1, ‘Pw(t)) -n=0, (4)

where the normal vector n of workpiece tooth flank in
coordinate system S, is obtained by Eq. (5):

T
n=n; n n,|
-1 pw - sin(n + &+ pw(?)) (5)
=|—¢ 1 pw-cos(n+ ¢+ ow(@)) |,
¢-rp

where n,, n,, and 7, are the components of normal vector
n along x,, ¥, and z,,¢ coordinate axes, respectively.
Substituting Egs. (3) and (5) into Eq. (4), the meshing

equation can be changed as:
U cos oy (t) — Vsinpy(t) = W, (6)

where U, V, and W are expressed as:

V =~z - Yw — Nwy - 2w) - Siny + iy - d - cosy,
W = (cosy — 1/i) - (nwy - %w — Ny - Yw) + Mz - d -siny.
(7)
The honing tool tooth profile equation is obtained, as
shown in Eq. (8)

{ U= —yz Xw —Nwyx-2w) - SiNy —nyy-d-cosy,

ry =rw(¢,n),
ry = Mpwl'w, (8)
U cos py(t) — Vsingy(t) = W,

where My  is the transformation matrice for coordinate
systems S-Sy,

During analyzing the contact between workpiece and
honing tool, the tooth flank of honing tool is enveloped by
the tooth flank of workpiece based on the envelope the-
ory. In gear power-honing, the tooth flank of workpiece is
enveloped by the tooth flank of honing tool. To ensure that
the tooth flank of honed gear is an involute helicoid, the
contact lines produced by above two enveloping processes
should be consistent. Consequently, the coordinates of all
points on the tooth flank of workpiece need to satisfy Eq.

©9).
u*+v:= w2 ©)

The derivation of Eq. (9) is shown in Egs. (10)—(16).
Firstly, Eq. (6) can be changed as:

W
Jur+ve

where d=arctan(V/U). Eq. (10) has a real solution only
when —1<cos(§+¢,(0) <1, ie, U*+V?*> W2 Those
points on conjugate surfaces corresponding to all real

cos(d + pw () = (10)
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solution form the effective region. Those points satisfying
L%+ V*= W2 construct the meshing boundary line.
Secondly, Eq. (6) can be also written as:

&) = U cospy(t) — Vsinpy(t) — W = 0.
(11)

Thirdly, by deriving Eq. (9) from ¢,,, it can be obtained as:

(&, ow(®)) = —U sin gy (2) — V cos gy (2).
(12)

Jpw(t)

By squaring Egs. (6) and (9), it has
U? cos® ow(t) + V2 sin? ow(t)
— 2UV sin gy (t) cos gy (t) = W2,
U? sin? gy (t) + V2 cos? g, ()
+ 2UV sin @y (t) cos gy (£) = (3f /3w (£))%.

(13)

Finally, it can be obtained as:
U? + V? = W2 + (3f [0 (1)), (14)
On the meshing boundary line, >+ V*= W2, then

of
oy (t)

(&5 m, pw(t)) = 0. (15)

Because 9f/0¢,, =0 is derived from the conjugate mesh-
ing equation f=0, those points on the workpiece tooth
flank satisfying df/d¢,=0 and f=0 form the meshing
boundary line.

Fwfw = rwf,w(c’ m, ¢w(t)),
F&mew®) =0,
Af (¢, m, pw(2)) /0w (t) = 0.

(16)

2.2 Surface Modeling of Honed Gear

The distinctive structure of honed gear surface contains
numerous curved machining marks which result from
the scratching of abrasive particles with the rotation of
honing tool and workpiece.

In the process of gear power-honing, any micro-area
of the tooth surface is engaged in time sequence, and
the dynamic meshing contact point is marked as B,,
and its position vector expression (B,) must meet the
requirements of Eq. (17).

{Be(T) —rw(Ce1rMe2) =0 (e=1,2,...,k; el <m; e2 < n),
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Honing tool

Workpiece

Figure 1 Spatial coordinate systems of workpiece and honing tool
and schematic of the contact between workpiece and honing tool

In this section, the dynamic meshing contact point B,
is assumed to be the center of the cross section where
an abrasive particle of honing tool penetrates work-
piece. By the numerical calculation for motion paths of
abrasive particles, machining marks are obtained. The
surface model of honed gear is established in coordi-
nate system S, for honed gear as following procedures
(Table 1).

Step 1: A point B, is obtained under a certain rota-
tion angle ¢, (T), as shown in Figure 2a. The point B,”
(e=1,2, ..., k) is taken as an endpoint of each machin-
ing mark I". The generation process of the eth (1<e< k)
machining mark I', is taken as an example.

Step 2: By rotating the honing tool with a small dis-
crete rotation angle Ag, ., point Be(o) moves to point
B,V with relative velocity v,”, as shown in Figure 2b.
The radius vector B,") of point B,V) is judged whether
it meets Eqgs. (6) and (9) simultaneously. If it meets,
the equation I,V of machining mark I between two
points B, and B,V is obtained; if it does not, the cal-
culation stops. The radius vector B, is expressed as:

BY =B + Agp, - v?, (18)

where ve(o) satisfies to the Eq (3).
The equation I','!) of machining mark I, ') is obtained
by:
r®® = gH — O, (19)

Step 3: By continuously rotating the honing tool with
m small discrete rotation angles Agy, ., point B, even-

(17)

U (&e1,Me2) - €05 oy (T) — V(&e1, Ne2) - sin @w(T) — W (Ze1,ne2) = 0.

When one of {,; or 5,, is fixed, another is solved by
carrying out numerical iterative search algorithms like
Newton-Raphson method.

tually moves to point B,”, as shown in Figure 2c. It is
assumed that radius vector B,”*V of point B,”"*? does
not meet Eq. (6) or Eq. (9). The radius vector Be(’) of
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Table 1 Surface modelling process for honed gears

fore<k,
when ¢ = T, get B, by Eq. (10)
if Agn,. # 0, get B,V by Eq. (11)
if B, meets Egs. (6) and (9), get I.(V
forj<m+1,
get BV, and I,")
j=+1
until B,V does not meets Egs. (6) and (9)
get I,
e=t+1
get S

point B,”, and the equation I',’ of machining mark I,
between two points B,V and B,Y (=1, 2, 3, ..., m) are
respectively expressed as:

. 1 1
BY =BI™V + Agp - vITV
j—1
= 320) + A(ﬂh,e . Vg(g()) + A(»oh,e . V,(gl) + ..+ A§0h,e . Vg )
. . . (-1
= B§°> + A@y,e/i- vgo) + Apye/i- vgl) F o+ AQye/i- vg ),
(20)

j—1
= A¢pe - Vg )

/5
where v,/ is the relative velocity at point B,V~Y,

Step 4: As shown in Figure 2d, the equation I, of eth
machining mark I', is expressed as:

. . i1
0 g
G-1) (21)
= A(/)w,e * Ve

ro={r®rore,..rm}. (22)

Step 5: All machining marks I';, I, ..., [ are calcu-
lated one by one, which constitute a complete honed

(a)

BN __Contact line
N

BN

Figure 2 Modeling process of surface texture of honed gear
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tooth flank (S;) with a distinctive structure. The S, can
be expressed as:

Sh={l1, T2 T3,..,Te .. T} (23)

The machining marks produced by gear power-honing
are some three-dimensional space curves. In this paper,
the orientation of machining mark is characterized
through angle between machining mark direction and
tooth profile direction, as shown in Figure 2d, which is
expressed as:

(Bg) _ g 1)) . Brw(Bg )

3z 180°
/ = arccos . . m g
’Bé’) _ Bé/—l)’ ) ‘arwa(fe )‘

(24)

If the calculated angle A is larger than 90° by Eq. (24),
angle A is calculated by Eq. (25):

) G-y  ary,B
(Bg" — ) - TS 180°
A = 180° — arccos e e % . .
FOREIN "

arw(BY)

3¢

(25)

2.3 Roughness Modeling Considering Shape of Abrasive
Particle

The material removal mechanism of cylindrical gear
power-honing is similar to that of cylindrical grind-
ing. The abrasive particles move along the machining
marks and remove gear material, forming a series of
micro-grooves. Roughness R, is selected as a quantita-
tive index to evaluate the distinctive surface texture. In
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this section, a roughness model is developed consider-
ing the effects of abrasive particle geometrical shape
and material plastic pile-up. The following assumptions
are made firstly:

(1) Ignore an effect of vibration from gear honing
machine;

(2) ignore the influence of thermal deformation on gear
honing machine;

(3) and the abrasive particles are distributed uniformly
on honing tool surface.

Based on the above assumptions, Ono et al. [21] pro-
posed that the maximum groove height H caused by
the scratching of abrasive particles on ground surface:

15 5 1
H=(—-A%cotd-p]|, (26)

16
where A is an average spacing between adjacent abrasive
particles; 6 is a half apex angle of the abrasive particle; p
is a parameter determined by grinding conditions; ¢ is a
parameter related to the shape and distribution of abra-
sive particles (g=0.4 and 0.5 for conical and spherical
abrasive particles, respectively).

A =

65.3M 4 o ——
32— S
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Kw = 1/)0w: (28)
Kh = l/ph. (29)

Considering the width of geometric contact between
workpiece and honing tool, the normal curvatures «x,
and kj, are replaced by average curvatures «,,r and «;, r.

The speed v, of workpiece along the direction of
machining mark is calculated by:

1

Vw,I' = Vwfw " V-

28 (30)

The speed v, of honing tool along the direction of
machining mark is calculated by:

1

: m (31)

VhT = Vwfh *V

The material plastic pile-up is an inevitable phenom-

enon in abrasive machining. The degree of material pile-

up is closely related to the hardness of honing tool and

the shape/size of abrasive particles. For different shaped

abrasive particles, the average spacing A of abrasive par-
ticles is [30, 31]

(32)

for conical abrasive particle,

T
137.9Mo_dl'4 3| ———— for spherical abrasive particle,
32 — Sy - N

However, the gear power-honing has more complex
contact between workpiece and tool, and lower cutting
speed, which differs from cylindrical grinding process.
The complex contact mainly affects the orientation of
machining marks. The equivalent curvature radius of
workpiece is different from the directions on a tooth
flank. Therefore, the influence of machining mark ori-
entation and cutting speed needs to be taken into
account in the calculation of parameter p, which can be
expressed as:

1 Vw,I" 1 ( 1 1 )
p=—————5(———)
¢ Vwr —Vpr | 2\pw P
where c is the grinding times during a period of spark-
out honing, which is related to honing tool speed and
spark-out time; p,, and p;, are the curvature radii of work-
piece and honing tool at a discrete point of the contact
line, respectively, which are related with the correspond-
ing normal curvatures k,, and k;, along the orientation of
machining mark:

(27)

where M, is a granularity of abrasive particles; S,, is an
organization number; N, is a coefficient on the number
of effective abrasive particles [8]. By substituting Eq. (32)
into Eq. (26), the maximum groove heights H, and H,
corresponding to conical and spherical abrasive particles
can be obtained.

Figure 3a and b shows the schematics of cross section
of grooves caused by scratching of a conical abrasive
and spherical abrasive, respectively. The height of mate-
rial pile-up ridges 4. and /4 corresponding to conical and
spherical abrasive particles is calculated by Eq. (33).

{ he =4/ I*T’Hc for conical abrasive particle,

hy =¥ 12_11-[s for spherical abrasive particle,

(33)
where 7 is the material removal rate as shown in Eq. (34)
[32].

_A-(A1+A)

" (34)
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(a)

Conical abrasive
particle
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Spherical
abrasive particle

Figure 3 Cross section of scratch grooves including material pile-up ridges caused by scratching of a conical abrasive particle and b spherical
abrasive particle. The cross section is vertical to movement direction of abrasive particle

where the A, A; and A, are shown in Figure 3 and can be
obtained from basic geometric operations.

Therefore, considering the material plastic pile-up, the
maximum groove height H becomes

H— { H. + he for conical abrasive particle,

for spherical abrasive particle.
(35)
Based on the relationship between the maximum
groove height H and average roughness R, [21], the sur-
face roughness R, can be established by:

HS+hS

R, = 0.256H. (36)

According to the theoretical model, if workpiece
parameters, honing tool parameters, and honing process
parameters are known, the surface texture of honed gear
will be calculated and the distribution of roughness R,
will be obtained for honed gear.

3 Experimental Design

To validate the theoretical model, a series of honed gears
were prepared under different process parameters which
were selected from an effective range of gear-honing
machines [17]. When the tooth number of honing tool is
set to the maximum value of 113, the value of the rota-
tion speed of honing tool, 876.11 r/min, is approximately
at the midpoint of effective parameter range (720-1000 r/
min); when the tooth number of honing tool is set to the
minimum value of 105, the value of the rotation speed of
honing tool, 900.95 r/min, is approximately at the golden
section point of effective parameter range. The gears were
first machined by a gear grinding machine (YW7232
CNC, CHMTI) under the same process parameters. The
gear material was 20CrMnTiH. Next, the gears were fin-
ished by a gear honing machine (HMX-400, Fassler), as
shown in Figure 4a. The parameters of workpiece and
honing tool were shown in Table 2. The binder material
of honing tool was ceramic, and the material of abrasive
particles was microcrystalline corundum, as shown in
Figure 4b. The infeed rate of honing tool, oscillation time

and spark-out time are 0.408 mm/min, 45 s and 3.6 s,
respectively.

The tooth flank structure and its roughness were meas-
ured. As shown in Figure 4c, the honed gears were cut
by a diamond wire cutting machine to obtain many sin-
gle teeth. The single teeth were cleaned by an ultrasonic
cleaning machine with alcohol for at least 10 min. Seven
small areas were selected from each tooth flank along
the tooth longitudinal and tooth profile directions. The
surface texture for every single tooth was obtained by
an ultra-depth 3D microscope (VHX-1000C, Keyence).
The local surface texture and roughness for each area
were obtained by laser scanning confocal microscope
(OLS4000, Olympus Corporation).

4 Results and Discussions

4.1 Experimental Results and Model Verification

Figure 5a and b shows the surface texture of honed gear
and local surface textures of seven small areas selected
from one of single teeth. From the surface texture, it has
many curved machining marks like a fish skeleton. These
machining marks asymptotically approach the pitch line
and form a distinctive surface texture. The surface texture
allows a nice adhesion of thin oil layer on a whole tooth
flank, resulting in a low noise behavior of honed gears [6].
Due to the low cutting speed which usually varies from
0.5 m/s to 15 m/s in gear power-honing, thermal struc-
tural damages do not occur for honed gears. Three lines
approximately vertical to the orientation of machining
marks are selected randomly in each small area. By aver-
aging the roughness R, measured from the position of
three lines for each area, the roughness R, for each area
is obtained, as shown in Table 3. According to the work-
piece parameters, honing tool parameters, and process
parameters, the roughness R, is calculated by the pro-
posed model, also shown in Table 3. The maximum rela-
tive error between the measured and calculated values of
R, is less than 10% when the shape of abrasive particle is
assumed to be spherical. On the contrary, the maximum
relative error is close to 40% when the shape of abrasive
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Profile direction

-

Figure 4 Experimental design for honing tests: a Gear honing machine and honed gears, b Honing tool and its surface abrasive particles, ¢ Single

tooth and its measurement areas

Table 2 Workpiece and honing tool parameters

Parameters Workpiece Honing tool
Tooth number 22 105/113
Module (mm) 2627 2627
Pressure angle (°) 20.222 20.222

Tooth width (mm) 31.2 34

Helix angle (°) 34 25.994/28.182
Modification coefficient (mm) 0.686 -

Granularity of abrasive particles - 120 #
Organization number - 4

particle is assumed to be conical. This indicates that the
abrasive shape has a great influence on roughness and the
spherical abrasive particle has more excellent prediction
accuracy. The roughness results for the second and third
groups (No. 2 and No. 3 in Table 3) show that roughness
R, increases as the speed of honing tool decreases. By
comparing the roughness results for the first and second
groups (No. 1 and No. 2 in Table 3), it shows that rough-
ness R, for the second group does not increase basically
when the speed of honing tool decreases, which may be
attributed to the decrease of tooth number and helix
angle of honing tool.

The model is verified by experimental results, and
applied to investigate the effects of process parameters
on the distribution of speeds on tooth flank, orienta-
tions of machining marks, and roughness theoretically.
The process parameters include cross axis angle y, tooth
number of honing tool #;, and rotational speed of honing
tool u;,. The speeds include v, V., and v. The values
of Vs Vwen V> angle A, and roughness R, are calculated
under different process parameters (Table 4). Then, the
distribution characteristics of the orientations of machin-
ing marks and roughness are discussed, which are intro-
duced in detail in the following sections.

4.2 Effects of Process Parameters on Speed

Figure 6a, ¢ and e shows three contour maps for speeds
Vtw Vwen and v calculated under y=5°, m,=113, and
u, =860 r/min, respectively. It has been found that the X
values of v ¢ and v, increase linearly, while the value
of v first decreases and then increases gradually from
tooth root to tooth top at a fixed X value. Meanwhile,
the values of v, V¢, and v always remain unchanged
from the left end to the right end at a fixed Y value. This
is because the values of v, and v, are proportional to
the rotation radius of each contact point. According to
the meshing theory of gear, the minimum value of rela-
tive speed v is located at pitch line of honed gear and
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Figure 5 Measurement results of a complete surface texture obtained by an ultra-depth 3D microscope, b local surface textures of seven

measured areas obtained by a laser scanning confocal microscope

increases gradually toward both sides of pitch line. Fig-
ure 6b, d and f shows the calculated values of v ;. Vi1
and v at X = 0 mm under different process parameters
(Table 4). It can be observed from Figure 6b that the val-
ues of v, ¢ do not change with cross axis angle y, while it
increases with tooth number 7y, or rotational speed u; of
honing tool. This is because when workpiece parameters
are determined, the change of cross axis angle y is only

caused by the change of helix angle of honing tool, which
will not affect workpiece speed. Moreover, according to
Eq. (1), the change of the value of v, with tooth number
ny, and rotational speed u;, can be explained effectively. In
Figure 6d, the value of v, is negatively correlated with
angle y, while positively correlated with tooth number
ny, and rotational speed u;,. The change of the values of

Voen With angle y can be explained by Egs. (2) and (3).
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Table 4 Process parameters for theoretical investigation

No. Cross axis Tooth number of Rotational speed of
angley (°) honing tool n,, honing tool uy, (r/

min)

1 0 113 860

2 5 113 860

3 10 113 860

4 15 113 860

5 20 113 860

6 5 105 860

7 5 107 860

8 5 109 860

9 5 1 860

10 5 113 860

1 5 113 720

12 5 113 790

13 5 113 860

14 5 113 930

15 5 13 1000

The diameter of honing tool increases with tooth num-
ber n,, which introduces the increasing rotation radius
of each contact point, thereby leading to a rising v,y
In Figure 6f, the curve of relative speed v changes from
a V-shaped curve to an approximately straight line with
an increase of angle y. This is because that pitch radius
of workpiece becomes small with the increase of angle y,
so the abscissa of the minimum relative speed becomes
smaller and the corresponding contact point on work-
piece tooth flank moves towards the direction of tooth
root. When the point exceeds the range of active flank, a
phenomenon appears that the relative speed v increases
monotonically from tooth root to tooth top. In Figure 6f,
the relative speeds v increase with tooth number n; or
rotational speed ;. This is because the relative speed v
is positively related to the magnitude of angular velocity
@, which increases with tooth number 7, and rotational
speed uy, according to Eq. (1).

4.3 Effects of Process Parameters on Orientation
of Machining Mark

Figure 7 shows the complete surface texture of honed
gear calculated under y=5°, n, =113, and u;, =860 r/min.
It can be clearly seen that there are numerous uniquely
curved machining marks like a fish skeleton on the tooth
flank. Figure 8a shows the contour map for angle 1 cal-
culated under y=5°, n, =113, and », =860 r/min. It can
be observed that the angle A first increases and then
decreases gradually from tooth root to tooth top and
the maximum value is 90° just located on the pitch line
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of workpiece. This is consistent with the change rule of
machining marks orientation seen in Figure 7.

Figure 8b shows the values of calculated angle A at
X=0 mm under different process parameters (seen in
Table 4). It can be observed that the values of angle A
are always zero when y=0°. However, with the increas-
ing angle y among a range of y > 0°, the curve of angle
A changes from a convex curve to a drop-down curve.
This is because the spindles of honing tool and workpiece
are parallel when y=0°. In this case, the motion between
the workpiece and the tool is equivalent to the motion
of a gear pair with parallel axes. Without considering
the axial displacement of workpiece, there is no velocity
along the longitudinal direction for the workpiece, intro-
ducing an unchanged angle 1 on the whole tooth flank
of workpiece. When 0°<y<10°, the component of rela-
tive velocity v along the tooth profile direction has a sine
function relationship with angle y according to Eq. (3).
What'’s more, the abscissa of the maximum relative speed
becomes smaller and the corresponding contact point
on workpiece tooth flank moves towards the tooth root
direction, which has the same reason as that of minimal
relative speed v. Thus, as shown in Figure 8b, when the
angle y is 15° or 20°, the angle A decreases monotonically
from tooth root to tooth top. If the angle y increases to
90°, the axes of honing tool and workpiece will be per-
pendicular. In this case, the motion between a workpiece
and a tool is equivalent to the motion of a gear pair with
vertical axes. The machining marks with a longitudinal
direction will be generated.

It can be seen from Figure 8b that the angle A changes
slightly with tooth number #, at a fixed Y value. This is
mainly because a small amount of change in tooth num-
ber has little effect on the change of transmission ratio i.
Thus, the orientation of machining mark changes slightly
according to Eqgs. (23) and (24). There is no change for
angle A with honing tool rotational speed #;, at a fixed Y
value. This is because the honing tool rotational speed
uy, has an impact on machining efficiency, which is inde-
pendent of the orientation of machining mark.

4.4 Effects of Process Parameters on Roughness

Figure 9a shows the contour map for tooth flank rough-
ness R, calculated under y=5°, n, =113, and u;, =860 r/
min based on the hypothesis of spherical abrasive parti-
cles. It can be observed that the value of R, first increases
and then decreases gradually from tooth root toward
tooth top. The value of R, always remains unchanged
from the left end to the right end at fixed Y value. Accord-
ing to Eqgs. (25) and (26), the value of roughness R, is neg-
atively related to the ratio of v, to v ), which is a fixed
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Figure 7 Calculated complete surface texture of honed gear
under y=5° n,=113, and u, =860 r/min

value shown in Figure 6. Besides, it is positively related to
curvature K, while negatively related to curvature .
And the variation range of curvature x; - is far less than
that of curvature «,, . Therefore, the change of curvature
K, is a major factor for the change of roughness R,. Fig-
ure 10 displays the calculated results for curvature
under y=5°, n;, =113, and u;, =860 r/min.

Figure 9b shows the calculated roughness R, under dif-
ferent process parameters (seen in Table 4) at X=0 mm.
It can be observed that with the increase of angle y,
roughness R, decreases obviously. This is mainly because
the ratio of v, to v}, increases obviously with angle y.
There are some odd large values of roughness R, near the
tooth root when y=0°. This is because when y=0°, the
ratio of v ¢, to v, ¢y is near 1 at the position of pitch line
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so Egs. (25) and (26) are not suitable for this condition.
The roughness R, decreases slightly with the increasing
tooth number n,. This is because the transmission ratio
i increases slightly with tooth number 7, which leads
to a slight increase in the ratio of v, to v,,. With the
increasing honing tool rotational speed u;,, the roughness
R, decreases accordingly. This is because more abrasive
particles are involved in removing workpiece material
with the increasing honing rotational speed u;,. There-
fore, according to Egs. (25) and (26), the roughness R, is
reduced correspondingly, while the distribution charac-
teristics of roughness R, remain unchanged.

5 Conclusions

In this paper, a theoretical model of surface texture for
honed gear is developed. The machining marks on tooth
flank are obtained by numerical calculation. Considering
the geometrical shape of abrasive particles and the plastic
pile-up of gear material, a roughness model is established
and then verified by experiments. The effects of process
parameters on the speeds of discrete points on the tooth
flank, orientations of machining marks and roughness
are discussed.

The detailed conclusions are described as follows:

(1) The calculated surface texture and machining
marks orientations show similar laws to the experi-
mental results. The orientation angle of machin-
ing mark first increases and then decreases gradu-
ally from the tooth root toward tooth top, while it
always remains unchanged from the left end to the
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Figure 8 Calculated angle A (degree) for machining marks: a the contour map under y=5°, n,=113, and u, =860 r/min, b the line chart

under different process parameters at X=0 mm
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right end. The angle has a complex change with
the increase of cross axis angle. Additionally, the
angle changes little with the increase of tooth num-
ber, and has no change with a change of rotational
speed of honing tool.

The model of roughness R, has a high calcula-
tion accuracy with a maximum error of less than
10% when the abrasive particles are assumed to be
spherical. The distribution of roughness is non-
uniform from tooth root to tooth top. With the
increase of angle cross axis angle, the roughness
decreases obviously, and the non-uniform degree
of tooth flank roughness is improved effectively.
The roughness decreases with the increasing tooth
number or speed of honing tool.

The speed of contact point along the direction of
machining mark is one of main factors affecting the

formation of surface texture. The relative speed first
decreases and then increases gradually from the
tooth root toward tooth top, while it always remains
unchanged from the left end to right end. Besides,
the relative speed changes from V-shaped curve to
approximate straight-line with the increase of cross
axis angle, and positively relates to cross axis angle
and honing tool speed, respectively.

The research can provide a theoretical basis for opti-
mization of process parameters for gear power-honing.
In future, parameters optimization of honing process
will be studied. The surface texture model will also be
further optimized, for example by incorporating the
influence of the height of the grinding grains.
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