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Abstract

sion efficiency.

Contour bevel gears have the advantages of high coincidence, low noise and large bearing capacity, which are widely
used in automobile manufacturing, shipbuilding and construction machinery. However, when the surface quality

is poor, the effective contact area between the gear mating surfaces decreases, affecting the stability of the fit and
thus the transmission accuracy, so it is of great significance to optimize the surface quality of the contour bevel gear.
This paper firstly analyzes the formation process of machined surface roughness of contour bevel gears on the basis
of generating machining method, and dry milling experiments of contour bevel gears are conducted to analyze the
effects of cutting speed and feed rate on the machined surface roughness and surface topography of the workpiece.
Then, the surface defects on the machined surface of the workpiece are studied by SEM, and the causes of the surface
defects are analyzed by EDS. After that, XRD is used to compare the microscopic grains of the machined surface and
the substrate material for diffraction peak analysis, and the effect of cutting parameters on the microhardness of the
workpiece machined surface is investigated by work hardening experiment. The research results are of great signifi-
cance for improving the machining accuracy of contour bevel gears, reducing friction losses and improving transmis-
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1 Introduction

Contour bevel gears are the essential components for the
transmission of motion between intersecting and stag-
gered axes with the advantages of good meshing perfor-
mance, smooth transmission, high bearing capacity, low
noise, etc. They are widely used in automotive, engineer-
ing machinery, aerospace, mining, metallurgy, petroleum
and other industrial fields. The quality of the machined
surface has a significant effect on the matching accuracy,
wear resistance, fatigue resistance, corrosion resistance
and transmission performance of contour bevel gears.
The manufacturing accuracy of contour bevel gears
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directly affects the transmission efficiency, noise, motion
accuracy and service life of the machine. Its true tooth
surface morphology is complex, such as machine tool
rigidity, cutterhead installation errors and cutting param-
eters. It restricts the machining accuracy of contour bevel
gears seriously. Therefore, it is of great practical signifi-
cance to study the surface quality of contour bevel gears.
Scholars around the world have conducted differ-
ent degrees of research on the quality of machined sur-
faces. Han et al. [1] proposed a central composite surface
design method based on response surface methodology
and established a regression model for the surface rough-
ness of honing workpiece gears. Khalilpourazary et al. [2]
studied the surface roughness of the processed spur gears
and found that the arithmetic surface roughness value of
the spur gears manufactured with a lubricant containing
alumina nanoparticles during the hobbing process was
decreased. Ming et al. [3] established an equation for the
residual height to improve the surface quality of the face
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gear and modified the grinding surface roughness model
of the face gear. Pathak et al. [4] used the surface finish,
microstructure, and microhardness to evaluate the sur-
face quality of bevel gears, and they found that honing
gears can improve the surface quality of gears and reduce
the transmission noise of the machine. Michalski et al. [5]
found that the roughness height and roughness spacing
were smaller for the tooth point surface than for the root
surface after hobbing. Klocke et al. [6] performed a met-
allographic test on surface defects of gear hobbing, they
investigated the effect of the tool and process design on
dry hobbing surface defects by comparing the appear-
ance of surface defects and characteristic values gener-
ated by the gear hobbing. Han et al. [7] quantitatively
analyzed the three-dimensional morphological data of
tooth surfaces for two gear finishing processes, grinding
and honing, and found that the grinding process could
obtain smaller roughness and higher geometric accuracy
compared to the honing process, but the residual stresses
of the honing process were smaller than those of the
grinding process. Zheng et al. [8] proposed an algorithm,
which takes the insert run-out errors into consideration,
for the roughness of the face-milling spiral bevel gear.
Simon [9] proposed a new hobbing model that deter-
mines the deviation between machined and theoretical
tooth surfaces of spur and helical gears, which can be
used to improve the microscopic surface morphology of
spur and helical gears. Hassanpour et al. [10] conducted
milling tests on 4340 alloy steel, they used response sur-
face methodology to investigate the influences of different
cutting parameters on surface roughness, morphology,
microhardness, white layer thickness, and surface chemi-
cal composition. Mao et al. [11] proposed a tooth grind-
ing method by variable velocity generation machining of
variable speed of conical wheels, and it can reduce sur-
face roughness and shorten grinding time remarkably
by comparing with the uniform generation machining
method. Lin et al. [12] used the roughness profilometer to
obtain the measurement data of the tooth profile and for-
mulated the theoretical geometric model of the involute
cylindrical gear tooth profile based on the parameters of
the tested gear. Bin et al. [13] established a mathematical
model for grinding disk wheels based on the principle of
CNC grinding by the generating machining method for
face gears, considering the influence of grinding wheel
morphology and contact deformation during the grind-
ing process. Ma et al. [14] carried out theoretical analy-
sis and experimental research on the surface roughness
of the hard tooth surface gear after shaving. They found
that the surface roughness of the gear is smaller than that
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of the general hobs, and decreases with the increase of
the negative rake angle of hobs. Gao et al. [15] conducted
gear hobbing experiments by selecting different hobs,
top edge fillet radius, and hob edge shapes for hobbing
experiments. They analyzed the influence of different fac-
tors on tooth surface roughness. Li et al. [16] obtained
the results of effectively reducing the tooth surface error
by automatic identification of tooth surface error and
feedback correction of machine tool motion parameters.
Wang et al. [17] discretized the tooth surface and gave
the radial and normal vectors of the discrete points of the
tooth surface according to the mathematical model of the
curved bevel gear, and established the expression of the
tooth shape error of the modified tooth surface at the dis-
crete points concerning the theoretical tooth surface.

In summary, scholars around the world have conducted
research on the machined surface quality of external
cylindrical, flat, and standard cylindrical gears and other
parts. There are few studies on the machined surface
quality of contour bevel gears. Therefore, this paper takes
the contour bevel gear as the research object, analyzes
the forming process of the machined surface roughness
of the workpiece by the generation machining principle
of the contour bevel gear. The dry milling experiment
of contour bevel gears is carried out, dry milling experi-
ment of contour bevel gears is conducted to study the
effect of cutting speed and feed rate on the surface qual-
ity of machined surface roughness and surface morphol-
ogy by single factor method, and to analyze the surface
defects of the machined surface by EDS; XRD is used to
compare the diffraction peaks of the microscopic grains
of the machined surface and the substrate material, and
the effect of cutting parameters on the microhardness of
the machined surface is studied through work hardening
experiment. The above research results not only provide
a basis for the optimization of the surface quality and
process parameters of contour bevel gears but also have
a certain reference value for the research on the machin-
ing accuracy and transmission efficiency of contour bevel
gears.

2 The Forming Process of Surface Roughness
of Milling Contour Bevel Gears
2.1 Generation Machining Principle of Contour Bevel
Gears

Generating machining method is usually used for the
machining of contour bevel gears, which is based on
the rolling engagement between the flat-imaginary
gear and the gear blank. The cutting surface of the tool
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Figure 1 Diagram of the generating machining method for contour
bevel gears
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Figure 2 Diagram of roughness formation on machined surfaces
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representing the flat-imaginary gear is enveloped around
the tooth surface of the gear blank, as shown in Figure 1.
In the process of generation machining, the workpiece
rotates around its axis, and the cutterhead rotates around
the axis of the cradle. Since the machining principles
of contour bevel gear and contour bevel pinion are the
same, this paper focuses on the generating machining
method for machining contour bevel gears.

2.2 The Forming Process of the Residual Height of Milling
Contour Bevel Gears

In the actual machining process, without consider-
ing the conditions such as tool wear and machine tool
vibration, there is only the cutting edge of the blade
that participates in the machining. The cutting edges of
the cutterhead are discretely distributed. The discrete
cutting edges cut the gear blank intermittently with
the rotation of the cutterhead, which causes the dis-
continuity of cutting motion, resulting in cutter marks
on the tooth surface after cutting and the existence of
residual area.

For generating machining, discontinuous cutting of
the cutting edge is one of the main causes of the resid-
ual height produced, as shown in Figure 2. The area of
the surface M;-N;-M,-N, enclosed by the cutting edge
i and the cutting edge (i+1) is the residual area, and
The line between M, and the point M,, projected to the
tooth surface is the residual height.

Figure 3 Dry milling machine device for contour bevel gears
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Table 1 Chemical composition of 20CrMnTi
Element C Si Mn Cr S P Ni Ti
Content 0.18 0.28 093 1.12 0.007 0.01 0.0045 0.065
Table 2 Performance parameters of 20CrMnTi material
Convex Concave
Density Elastic Thermal Poisson’s Hardness
(kg/m3) modulus expansion ratio (HB)
(GPa) coefficient
(1/°C)
7800 207 5% 107° 0.25 <217

Table 3 Cutting parameters

Cutting parameter Cutting speed v (m/ Feed rate f (mm/r)

min)
1 260 0.1,0.2,03
2 170, 200, 230 0.1

3 Milling Experiment of Contour Bevel Gears
3.1 Experiment Conditions and Materials

(1) The CNC machine tool is a Gleason 175HC dry
CNC gear milling machine tool. And the specific
machining device is shown in Figure 3.

Figure 3(a) shows the cutterhead for machin-
ing contour bevel gears, and Figure 3(b) shows the
blades, which are divided into internal and external
blades. The blades are loaded into the correspond-
ing positions one by one through the tool loader, the
screws are tightened to complete the tool loading,
and then the assembled cutterhead is loaded onto
the tool spindle. Figure 3(d) shows the gear blank of
a contour bevel gear, which is clamped in the work-
piece spindle of the machine tool by a fixture for
machining the contour bevel gear, as shown in Fig-
ure 3(c), and Figure 3(e) shows a contour bevel gear
after machining.

(2) The workpiece material is 20CrMnTi, the chemi-
cal composition and physical properties are shown in
Tables 1 and 2.

The experiment tool is formed by the assembly of a
Tri-ac cutterhead and DT-270D3-39/8-PN blades, and
is processed by the continuous indexing method. That
is, the processing of all tooth surfaces of the gear can be
machined in one generating machining.

production

3.2 Experiment Programme Design

The dry milling experiment of contour bevel gears is
carried out on the Gleason175HC machine tool. Since
the milling process usually uses a one-time feed mode,
the main cutting parameters are cutting speed and feed
rate. Therefore, the controlled variable method is used
to study the influence of the change in the cutting speed
and the feed rate on the surface quality of the 20CrM-
nTi machined surface, to obtain the internal relationship
between the processing parameters and the surface qual-
ity. The specific single-factor experiment design is shown
in Table 3.

3.3 Preparation of Metallographic Specimens

A total of six gears are machined to correspond to the
different cutting conditions of the single factor experi-
ment. After that, metallographic specimens with a length
of 10 mm and maximum width and height of 5 mm are
extracted by slow wire cutting, with each machined gear
providing one specimen on the convex and one on the
concave side.

The intercepted specimens are fixed using the thermal
mosaic method and passed through water sandpaper
with mesh numbers of 200, 360, 500, 800, 1000, 1500 and
2000 in turn, from rough grinding to fine grinding, until
the surface of the specimen is sanded smooth. Then, the
specimen is mechanically polished by the metallographic
specimen polishing machine. Finally, the metallographic
specimen is chemically etched, and the etchant is 4%
nitric acid alcohol, as shown in Figure 4. The microscopic
morphology of metallographic specimens is observed by
a digital microscope.
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Figure 5 Schematic diagram of the machined surface topography

4 Milling Experiment Results of Contour Bevel

Gears
4.1 Surface Roughness Analysis of Milling Contour Bevel

Gears
The prepared wire cutting specimens are used to observe
the surface morphology by the white light interferometer,
Figure 5 is the diagram of the white light interferometer
measurement.

Figure 5(a) shows the white light interferometer Zygo
New View 8200, the 10x (0.83 mm x 0.83 mm) lens is
used to measure wire cutting specimens of the machined
surfaces of the contour bevel gears; Figure 5(b) shows
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the measurement position of the specimen; Figure 5(c)
shows the measured two-dimensional surface morphol-
ogy, and Figure 5(d) shows the three-dimensional surface
morphology.

(1) The machined surface morphologies at different
feed rates are shown in Figures 6, 7, 8.

The machined surface morphology of contour bevel
gears with different feed rates is shown in Figures 6,
7, 8. The colour of surface morphology transitions
from blue to red, representing the residual height
of the machined surface from low to high. With the
increase of feed rate, the distance between the ridge
lines on the three-dimensional morphology of the
machined surface increases gradually, and the col-
our difference of the three-dimensional morphology
becomes more serious, so the surface roughness
increases. The right vertical axis of the roughness
distribution curve is the percentage, which rep-
resents the relative percentage of the number of
three-dimensional points of surface roughness in
different regions, and the left vertical axis is count,
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Figure 6 (f=0.1 mm/r, v =260 m/min) 3D morphology, 2D morphology and roughness distribution curve of machined surface
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Figure 7 (f=0.2 mm/r, v =260 m/min) 3D morphology, 2D morphology and roughness distribution curve of machined surface
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Figure 8 (f=0.3 mm/r, v =260 m/min) 3D morphology, 2D morphology and roughness distribution curve of machined surface
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Figure 9 (f=0.1 mm/r,v =170 m/min) 3D morphology, 2D morphology and roughness distribution curve of machined surface
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Figure 10 (f= 0.1 mm/r, v =200 m/min) 3D morphology, 2D morphology and roughness distribution curve of machined surface

which represents the number of three-dimensional
points of surface roughness in different regions. It
can be found that, when the feed rate is 0.1 mm/r,
the machined surface roughness is concentrated
on both sides of the peak, and the surface quality is
good.

The machined surface morphologies at different
cutting speeds are shown in Figures 9, 10, 11.

The two-dimensional and three-dimensional mor-
phologies of the machined surface of the contour
bevel gears obtained at different cutting speeds
under dry milling conditions are shown in Fig-
ures 9, 10, 11. It can be found that as the cutting
speed increases, tool marks of the machined surface
gradually become denser, the red part also slowly
decreases, and the surface roughness becomes
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Figure 11 (f=0.1 mm/r, v =230 m/min) 3D morphology, 2D morphology and roughness distribution curve of machined surface

Table 4 Measurement data of machined surface roughness (f= 0.1 mm/r)

Cutting parameters v =170 m/min

v =200 m/min v =230 m/min

Convex Concave Convex Concave Convex Concave
Average deviation of surface arithmetic (S,) 2.047 1.849 1673 1.739 1.404 1437
Surface root mean square deviation (S,) 2.545 2.250 2016 2.103 1.766 1.751
Surface ten-point average deviation (S,) 15.208 13452 20.993 15473 14.991 11.944
Table 5 Measurement data of machined surface roughness (v = 260 m/min)
Cutting parameters f=0.1 mm/r f=0.2mm/r f=0.3 mm/r
Convex Concave Convex Concave Convex Concave
Average deviation of surface arithmetic(S,) 1.307 1.222 1.755 1.589 1.967 1.806
Surface root mean square deviation (Sq) 1.589 1511 2.146 1.985 2.51 2476
Surface ten-point average deviation (S,) 10.905 10.787 14.29 13.604 16.933 15.692
smaller. Therefore, within a reasonable range, 1 L2
increasing the cutting speed can optimize the Sa = i Z Z |’7i1’ ) (1)
machined surface quality and the machining effi- i=1 j=1
ciency. The roughness distribution curve shows that
when the cutting speed is 230 m/min, the machined L
. . _ 9
surface roughness is concentrated on both sides of S = P Z Z Ut 2)
the peak. i—1 j=0
The surface roughness of the workpiece machined sur- 5 5
face can be obtained by the white light interferometer. To > npi — > i
avoid the error caused by a single experiment, the convex s — i=1 j=1 3)
z — - -

and concave surfaces of each tooth surface are measured
three times, and the average surface roughness is taken,
then the surface roughness at different cutting speeds
is shown in Table 4, and the surface roughness at differ-
ent feed rates is shown in Table 5. The surface arithmetic
mean deviation S, surface root mean square deviation S,
and surface ten-point mean deviation S, can be expressed
as [18]

where, i and j represent the position of row i and column
j data of the surface; m is the row number of the meas-
ured surface data; 7 is the column number; 77, and 7, are
the first five maximum peaks and the first five deepest
valleys of the surface.

It can be seen from Table 4, keeping the feed rate
constant and increasing the cutting speed from 170 to
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230 m/min, the surface roughness S, of the convex sur-
face decreases from 2.047 to 1.404 pm, and the surface
roughness S, of the concave surface decreases from
2.047 to 1.404 um. As shown in Table 5, with the grad-
ual increase of the feed rate, the surface roughness S, of
the convex surface increases from 1.307 to 1.967 um, the
concave of that increased from 1.222 to 1.806 pm, and
the change patterns of S, and S, are the same, decreas-
ing with the increase of the cutting speed and increasing
with the increase of the feed rate.

According to the test results of the machined sur-
face roughness of the contour bevel gears, a prediction
model of the machined surface roughness is established
as Eq. (4).

S. = Kv*f?, (4)

where, K is the estimated value of the coefficient, and
a and b are respectively the coefficients of the cutting
speed v and the feed rate f.

The data in Tables 4 and 5 are respectively put into
Eq. (4) to obtain the roughness prediction models of
convex and concave surfaces, as shown in Egs. (5) and

(6).

Sa(convex) =1 193'781/_1.06]{0'41’ (5)

Satconvace) = 685.31y7092£033, 6)

To verify the accuracy of the established machined
surface roughness model, two sets of data in Tables 4
and 5 are selected for testing. The relative error between
the experimental and theoretical values can prove the
accuracy of the model, and the specific surface rough-
ness error analysis results are shown in Table 6.

From Table 6, it can be found that the average error
of several sets of data is 4.16% < 5%, which proves that
the roughness prediction model established in this paper
can be used for the prediction of the machined surface
roughness of the milling contour bevel gears.

Table 6 Analysis results of surface roughness error
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Figure 12 Effect of cutting speed on the morphology of machined
concave and convex surfaces

4.2 Surface Morphology Analysis of Milling Contour Bevel
Gears

The wire cutting specimens are cleaned by ultrasonic

to remove oil and impurities; the influence of cutting

parameters on the surface morphology of the concave

and convex surfaces of the machined workpiece is ana-

lyzed by scanning electron microscopy.

Combined with the machined surface roughness val-
ues, the effect of cutting speed on surface morphology
is investigated when the feed rate is 0.1 mm/r, as shown
in Figure 12. From the roughness graph in Figure 12 and
the workpiece surface morphology, it can be found that
the increase in cutting speed can reduce the workpiece
surface roughness and form a good surface quality. How-
ever, due to the influence of cutting heat and tool wear
on the surface of the workpiece during the cutting pro-
cess, the surface roughness difference between the con-
cave and convex surfaces of the gear changes slightly. The
roughness of convex is large at the beginning, and smaller
than concave as the cutting speed increases. When the
cutting speed is 230 m/min, the roughness difference
between the convex surface and the concave surface of

Number Cutting speed Feed rate Convex Surface Relative Convace Surface Relative
v (m/min) f(mm/r) Roughness (um) error (%) Roughness (um) error
(%)
Test Predictive value Test Predictive value
value value
1 200 0.1 1673 1.737 3.68 1.739 1673 3.80
2 260 0.2 1.755 1.647 6.15 1.589 1.541 3.02
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Figure 13 Influence of feed rate on the morphology of machined
concave and convex surfaces

the contour bevel gear is the smallest. Therefore, this cut-
ting speed range is more suitable for machining.

Figure 13 shows the influence of the feed rate on the
surface morphology at the cutting speed of 260 m/min.
It can be found that the machined surface roughness of
contour bevel gear gradually increases with the increase
of the feed rate, which has a significant impact on the

Figure 14 Surface adhesion of contour tooth bevel gear in dry milling
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machined surface morphology, resulting in deterioration
of the machined surface quality.

4.3 Research on Machined Surface Defects

In the dry milling process of contour bevel gears, surface
defects such as tool marks, surface scratch marks, adher-
ent particles, and surface pits will cause impacts on the
machined surface quality, so it is necessary to analyze the
causes of surface defects by SEM and EDS.

Figure 14(a) and (b) is the microscopic surface mor-
phologies of the contour bevel gear at v = 260 m/min,
f= 0.3 mm/r. It can be found that there is surface adhe-
sion on the machined surface of the gear, which is due to
the chemical interaction between the surface material
with the oxygen element in the air under the high cutting
temperature and cutting stress conditions, resulting in
oxide adsorption on the machined surface and formation
of irregular bulges. Figure 14(c) is a partially enlarged
drawing of Figure 14(a), and it can be noticed that the
surface defects are unfolded along the direction of the
cutter mark. Figure 14(d) shows the microscopic surface
morphology of the contour bevel gear at v = 260 m/min,
f= 0.2 mm/r; during the gear machining process, part of
the cutting chips is adsorbed on the machined surface
of the workpiece. The surface adsorption is formed with
high cutting stress, which increases the roughness value
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Figure 15 EDS analysis of surface defects
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of the machined surface and deteriorates the surface
quality.

EDS analysis of the machined surface of the contour
bevel gear shows that location A in Figure 15(a) mainly
contains three elements: Mn, Cr, and Fe, which are the
same as the workpiece material, and it can be determined
that it is the workpiece material. Location B in Fig-
ure 15(b) mainly contains three elements: O, Fe, and Mn,
which are oxidized due to the adhesion of Fe elements.
Therefore, it is inferred that location B is a mixture,
which will reduce the hardness of the machined surface
and toughness, thereby resulting in the deterioration of
machined surface quality. The location C in Figure 15(c)
contains mainly O, N, and Co elements, and it can be
inferred that due to the oxidation reaction, it adheres to
the machined surface and produces bumps, which affects
the surface quality.

When milling contour bevel gears, due to the extru-
sion of the cutting edge, there are accumulation and coat-
ing on the machined surface. Figure 16(a) and (b) shows
the micro morphologies of the convex and concave sur-
faces with v = 260 m/min, f= 0.3 mm/r. It can be seen
from Figure 16(a) and (b) that, when coating occurs, the
connection between the surface material and the sub-
strate material is weak, and the surface material is eas-
ily peeled off, deteriorating the quality of the machined
surface. In Figure 16(c) and (d), the surface morpholo-
gies at v = 170 m/min, f = 0.1 mm/r and v = 200 m/
min, f = 0.1 mm/r, respectively, the surface quality of
pits are poor due to the existence of partial workpiece
material accumulation and coating on the machined sur-
face resulting in local spalling of the workpiece surface
and formation of surface pits. Therefore, surface defect
behavior can be reduced by increasing the cutting speed
and reducing the feed rate.

The surface defects are analyzed by EDS, as shown in
Figure 17. It can be found that the energy spectrum of the

cps/eV

Pl Energy spectrum region
F——

o s

P e T —T——T1—1
2 4 6 8 10 12 14
Energy [keV]

Figure 17 EDS analysis of surface pits and surface coating
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Figure 18 Comparative analysis of XRD diffraction results of
machined surface and substrate

defect is in good agreement with that of the matrix mate-
rial, which confirms that the above defects are generated
by the physical and mechanical effects of the workpiece
and the tool in the cutting process, and no material out-
side the workpiece substrate is introduced.

4.4 XRD Diffraction Analysis

XRD is used to compare and analyze the machined sur-
face and substrate of 20CrMnTi. Figure 18 is a com-
parison of the diffraction spectrum of the machined
surface and the substrate material. By comparing the
XRD diffraction spectra of the substrate material and
the machined surface, it can be found that the diffrac-
tion peak of the machined surface is higher than that of
the substrate material. This is because the plastic defor-
mation of the machined surface during the cutting pro-
cess causes microscopic strains in the grains. Analysis of
the diffraction peaks shows that the peak area is mainly
a-Fe, which proves that there is a phase transition during
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surface (convex and concave)

processing and provides a basis for subsequent work
hardening tests.

4.5 Analysis of Work Hardening on the Machined Surface
of Contour Bevel Gears

DHV-1000 Vickers hardness tester is used to measure

the hardness of the specimen. The load of the hardness

experiment is 0.98 N, with a holding time of 15 s selected

to ensure clear indentation, and the hardness value is

Page 12 of 14

calculated according to the geometric parameters. The
measuring device is shown in Figure 19, and the hardness
of the substrate material is measured at 165.9 HV.

It can be found from Table 6 that the hardness of the
machined surface of the workpiece is greater than the
hardness of the substrate. And the reason is that the
metallographic microstructure of the substrate of the
machined surface is ferrite, the black block distribu-
tion is lamellar pearlite, and the grains are fine. It can be
inferred that due to the high temperature generated by
the cutting process, the phase change of the substrate
material occurs and lamellar pearlite is generated so that
the strength and hardness of the machined surface are
enhanced. Figure 20 shows the metallographic micro-
structures of the convex and concave surfaces of the
machined surface.

Surface hardness measurements were performed on
the concave and convex surfaces of the machined sur-
faces of the contour bevel gears, as shown in Tables 7 and
8. It can be found from Table 7 that the hardness value
of the machined surface increases with the increase of
cutting speed and then decreases, which is because with
the increase of cutting speed, plastic deformation gener-
ated in the machined surface, and when cutting speed
increases to 230 m/min, the cutting time is shortened
and the cutting heat is not dissipated in time and leading
to the enhancement of the thermal softening effect of the
workpiece, so the degree of work hardening is reduced.

It can be found from Table 8 that the hardness of the
machined surface increases as the feed increases, because
the cutting force and plastic deformation zone increase
with the increasing of feed rate, leading to the increases
of work hardening, and the hardness values of the con-
vex surface and the concave surface of the tooth surface
are relatively close. Therefore, it is possible to appropri-
ately increase the cutting speed and reduce the feed rate
within a reasonable range, which is beneficial to reduce
the work hardening behaviour of the machined surface.

Table 7 Microhardness variation of machined surfaces with cutting speed

Cutting speed (m/min) 170 200 230
Convex Convace Convex Convace Convex Convace
Hardness value (HV) 1793 180.2 184.7 183.5 1773 176.8
Table 8 Microhardness variation of machined surfaces with feed rate
Feed rate (mm/r) 0.1 0.2 0.3
Convex Convace Convex Convace Convex Convace
Hardness value (HV) 1753 176.1 179.7 182.1 1833 1854
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5 Conclusions

In this paper, in order to explore the machined surface
quality of the contour bevel gear of dry milling, the sin-
gle-factor test method is used to observe and analyze the
machined surface morphology, surface defects and work
hardening of the contour bevel gear; the influence of cut-
ting speed and feed rate on machined surface quality is
studied, and the main conclusions are as follows.

(1) The process of forming the machined surface
roughness of contour bevel gears is analyzed
through the principle of generation machining,
which provides a basis for the experimental analy-
sis of the machined surface quality of contour bevel
gears.

(2) The analysis of the roughness and surface mor-
phology of the machined surface shows that with
the increase of cutting speed, the cutter pattern of
the machined surface is gradually denser, and the
residual height becomes smaller. The distance of the
ridge lines on the morphology gradually increases,
resulting in the deterioration of the machined sur-
face quality. When the cutting speed is 230 m/min,
the machined surface roughness is concentrated in
the peak area, the roughness difference between
the convex surface and the concave surface of the
contour bevel gear is the smallest, and the formed
surface quality is good. Using the machined surface
roughness data of convex and concave surfaces, a
surface roughness prediction model is established
to provide guidance for optimizing the cutting
parameters of contour bevel gears.

(3) The machined surface defects are analyzed by SEM,
and the machined surface defects are found such as
tool marks, surface adhesion, surface coating and
surface pits. The energy spectrum analysis of the sur-
face defect position show that the surface adhesion is
partly due to the mixture of the adhering chips and
the substrate material, and partly due to the oxida-
tion reaction, resulting in oxide adsorption on the
surface. The surface coating is due to the extrusion
of the cutting edge, resulting in accumulation in the
workpiece material and the formation of a surface
pits after local spalling, Therefore, surface defects
can be avoided by increasing the cutting speed and
reducing the feed rate.

(4) Diffraction analysis of the substrate and machined
surfaces by XRD reveal that the diffraction peak
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area is mainly «-Fe, which proves that there is a
phase change during the machining process, which
causes microscopic strain in the grains, resulting in
an increase in the hardness of the machined surface.
Machining hardening measurements on convex and
concave surfaces of machined surfaces reveals that
when the cutting speed is 230-260 m/min and the
feed rate is 0.1lmm/r, the degree of work hardening of
the machined surface is low. Therefore, machining of
contour bevel gears within this range will reduce the
work hardening behavior of the workpiece.
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