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Abstract. The cemented carbide cutting tools were experimentally performed to dry cut high
manganese steel (ZG Mn13) at high speed, and the high-speed cutting behaviors and the effect of
cutting parameters on cutting quality were investigated, and predict model of surface roughness for
high-speed cutting was established. The results show that the surface roughness first increases and
then decreases with the cutting speed increase and feed rates decrease, and finally trends to be
stable; the surface quality of high-speed cutting is obviously superior to that of conventional cutting.
From the macro-graphs and micro-graphs of chips, the chips shows continuous belt-shaped
macroscopic appearances, whereas the top surface of the chips reveals jagged microscopic
characteristics, with burn and adhesion shear characteristics on the bottom surface. Work hardening
and high-temperature softening simultaneously affect the shear deformation. When the effect of the
former is dominant, the belt-shape characteristics are visible; when the effect of the latter is
dominant, the jagged characteristics are notable and the belt-shape characteristics are weak. This
indicates that the adiabatic shear slip occurs. The cutting parameters are reasonably selected to
obtain ideal cutting quality and chip shape. The predicted model of the surface roughness provides
an important reference for the surface cutting quality of high-speed cutting or the selection of
cutting parameters according to cutting quality.

Introduction

High manganese steels show high impact toughness and work hardening caused by heavy impact
loads, which have been widely applied in engineering machinery due to high wear resistance [1].
However, high manganese concentration (mass proportion of 11%~14% ) results in higher strength,
fracture toughness and bigger elongation, as well as lower thermal conductivity. Therefore, the high
manganese steels are difficultly machined due to high cutting force and cutting temperature, and
continuous chips result in low cutting lifetimes due to severe adhesion wear. The cutting speed of
the cemented carbide cutting tools for cutting high manganese steels is more than 30m/min[2].
Therefore, poor workability is an important reason for the cutting efficiency and quality of the high
manganese steel materials. Meanwhile, longer continuous chips affect cutting process and operation
safety. In addition, high cutting temperature accelerates the wear of the cutting tools, decreases its
lifetime and increases the auxiliary time of tool replacement and cost. Recently, the investigations
of high-speed cutting are concentrated on some difficult cutting materials such as titanium alloys,
hardened steels and high temperature alloys. Advanced cutting tools have been produced by the
cemented carbides, polycrystalline cubic boron nitride and diamond cutting tools materials [4-6].
The hardness of metal ceramic cutting tools is higher than that of cemented carbide cutting tools,
but the latter shows a better fracture toughness. However, the metal ceramic cutting tools show
better comprehensive properties. According to the definition of high-speed cutting, the cutting
speeds which are about 5~10 times than conventional cutting speed are defined as high-speed
cutting. The real high temperature and adiabatic shear of deformation zones caused by quick cutting
lead to the material softening, and further result in notable changes in high-speed cutting
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mechanisms, and significantly affect the cutting performance. Meanwhile, the cutting chips with
fast flowing speeds take away most of the cutting heat during the high-speed cutting[7-10], and
notably decrease the temperature of the secondary deformation zone, which is available to improve
the lifespan of the cutting tools. The quality model of high-speed cutting is a key to theoretically
research of high-speed cutting technology [11-15], and provides important significance for the
prediction of cutting quality and determination of cutting parameters.

In the present work, taking the high manganese steel with strong work hardening for example, the
metal ceramic cutting tools were experimentally carried out for high-speed dry cutting. We
investigated the effects of the cutting speeds and feed rates on cutting quality and material
deformation, and established the prediction model of roughness, and finally obtained optimized
cutting parameters.

Cutting Experiment
Experimental Conditions

A CAK6150Dj lathe was performed for high-speed cutting experiment, and Fig.1 shows the
experimental testing system. A digital roughness tester made in Japan was used to measure the
surface roughness.

Fig.1 Cutting test site Fig. 2 Digital roughness tester

Material and Fixed Method

High manganese steel pipe (ZGMn 13) was selected for experimental material, with a dimension
of @168%330 and a thickness of 20mm. Chemical composition is shown in Table 1.

Table 1 Chemical compositions of high manganese steel (wt. %)

Chemical composition Mn C Si P S

Concentration /% 11~14 1.0~14 0.3~1.0 <0.03 <0.05

During the installation of experimental samples, standard accessories consisted of three jaw
chucks, a specially designed plug and the tip were adopted to achieve the installing way of one clip
one tip. Indexable turning represents pecial tool bars, which was applied in the cutting tools, and
piezoelectric crystal sensor and measuring system were installed in cutting tools.

1.3 Tool composition, performance and geometric parameters

Metal ceramic blades (Ningbo Ceramic Technology Co., Ltd.) were used in present work. The
grade of blades is RCHTO1, and model is SNMN150716. Tool material is composed of TiCN, Al,Os3,
Ni and Mo. The tensile strength (op) ranges from 700 to 1000MPa, and hardness is in the range of
93~95HRA; The grade of blades is SNMN150716, and tool material is composed of TiCN, WC,
MoC, Ni and Co. The tensile strength (o) ranges from 1000 to 1800MPa, and hardness is in the
range of 91 ~94HRA. Tool geometric parameters are shown in Table 2.
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Table 2 Effective Parameters of Metal Ceramic Cutting Tools

k. K . Yo y/ o o, As r Chamfer angle Chamfer width
&
(%) (%) %) (%) °) %) /(' mm) Yor/(°) b1/(mm)
65 25 0 0 0 0 1.6 30 0.3

The Selection of Cutting Parameter and Roughness Measurement

In this test, the materials with relative big diameters were experimentally used to control linear
speed to reach high-speed conditions. The cutting parameters and surface roughness are shown in
Table 3. For conventional cutting, the cutting speed (v.) of cemented carbide cutting tools for high
manganese steels is no more than 30m/min, whereas the cutting speed of the high-speed cutting is
5~10 times of the conventional cutting speeds. Therefore, the cutting speeds in the present work
are in the range of high-speed cutting speeds. According to the relationship between the feed speeds
(50, 100, 150, 200 and 250 mm/min, respectively) and spindle speeds as follows: f=v¢/n, feed rates
in Table 3 can be calculated. According to the theory of metal cutting, in the three cutting factors,
the effect of back cutting depth on surface quality is limit. In order to decrease workloads, the back
cutting depth is constant in the present work.

Table 3 Experimental cutting parameters and surface roughness values

Feed rate, f/

Number Cutting speed, v/ (m/min) o) Cutting depth, a,/ (mm) roughness, Ra/ (pm)
1 258.2 0.1 0.92
2 409.3 0.063 2.35
3 507 0.05 0.15 1.4
4 602.7 0.042 2.25
5 746.3 0.033 1.54

Surface roughness values were measured by digital roughness tester, left, intermediate and right
points along the length direction of the machined surface were measured and recorded, and each
roughness value is the average value of three measured values of each point. Digital roughness
tester is shown in Fig. 2.

Table 3 shows the cutting of each zone, were the samples measured, calculating the average value
of the three points.

Results and Discussion
The Effect of Cutting Dosage on Surface Quality

The experimental samples are divided into several groups, and measured surface roughness
values as shown in Fig.3. Each test group lists the cutting parameters and the corresponding surface
roughness value. As shown in Fig.3, under high-speed cutting speeds, the surface roughness values
of high manganese steel show wave-like changes, with a low amplitude. The overall variation is
that the surface roughness values first increase and then decrease with the cutting speeds increase
and feed rates decrease, but final variable trend gradually decreases, and the surface quality
gradually improved. In the present work, only cutting speeds and feed rates are considered, and the
best surface quality corresponding to reasonable matching values of cutting dosage for the
high-speed cutting of high manganese steel can be directly observed from the bar graphs. The
cutting parameters of the group 1 are: a cutting speed of 258.2m/min, a feed rate of 0.01m/r and a
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cutting depth of 0.15mm; the cutting parameters of the group 3 are: a cutting speed of 507m/min, a
feed rate of 0.05m/r and a cutting depth of 0.15mm; and the cutting parameters of the group 5 are: a
cutting speed of 746.3m/min, a feed rate of 0.033m/r and a cutting depth of 0.15mm. Above cutting
parameters are preferentially selected as corresponding cutting parameters of ZGMI13 steel to
increase cutting efficiency, and meanwhile to obtain excellent surface quality.

Thus it can be seen that the high-speed cutting of high manganese steel is favorable to improving
the quality of the machined surface, but the cutting parameters should be optimized. According to
the cutting theory, the height (Rmax) of remained area caused by geometrical factors keeps the
following relationship [1]:

3 f
cotk, +cotk;

(1

max

Where f represents feed rate (mm/r); kr and kr/ respectively represent the chamfer and vice angles
of the cutting tools. From the formula (1), the geometric parameters are constant for selected cutting
tools such as kr and kr/. When the feed rate is fixed, the surface roughness value is almost stable,
indicating that the production efficiency can be improved by high-speed cutting. Similarly, at the
high-speed cutting condition, smaller feed rates can decrease the surface roughness, and are
available to improving the surface quality. Therefore, it can be concluded that under the high-speed
cutting conditions, smaller feed rates are selected to obtain higher resection rates and to improve the
surface quality, and to reach the effect of high quality and high efficiency production.

Surface Roughness Models

As shown in Fig.3, the surface roughness values show linear distributions or variations along the
curves. Because the surface roughness is related to many factors, and the relationships among them
are complex. Therefore, the influence of error is inevitable in the course of the experiment, but the
regression analysis method is a powerful tool to deal with the relationship between the variables.
Hence, the regularity between the surface roughness and cutting dosages is obtained by
experimental data, and analyzed by the regression analysis method. Two approaches were carried
out to build models, and then compared and analyzed. Finally the validity of the two models is
justified.

Linear Regression Models

The linear equations of the surface roughness values, cutting speeds and feed rates are established
by the linear regression method, and corresponding data treatment is shown in Table 4. The surface
roughness, cutting speed and feed rate expressed by y, x1, and x2, show the data structure of the
multiple linear regression models as follows:
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Fig.3 Effect of cutting speed and feed on roughness value
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Table 4 Experimental data and surface roughness values

Number Effect factor y

X1 Xo Ra

v/ (m/min)  f/ (mm/r) /pum

1 258.2 0.1 0.92
2 409.3 0.063 2.35
3 507 0.05 1.4
4 602.7 0.042 2.25
5 746.3 0.033 1.54
Average value 504.7 0.058 1.69
Y, =B+ B, —X)+ B (X, —X)+s, (a=1,2, ..., 5) (2)

Where €a represents experimental values, which are random variables caused by random factors;
ya. represents experimental values, which is random variety caused byea; xal and xa2 represent the

experimental cutting speed and feed rate respectively; Xand®> are arithmetic average values of
the cutting speeds and feed rates respectively; PO is constant parameter; and Pland (2 are
coefficient parameters of the xal and xa2, respectively. The least square method is used to
determine the parameters of the 0, Bland B2, and corresponding one element linear regression
equation is:

Y =4, +0,(X —X)+b,(X, = X,) (3)

Where Y is regression value of the experimental data (ya); p0, bl and b2 are the least square
estimations of the B0, Bland B2 parameters respectively. The p0, bl and b2 values obtained by the
least square method make the deviation square sums of the experimental value (yo) and the

regression value ()7) for the minimum value, and the regression coefficients (n0, bl and b2) are
obtained by combinations of Table 3 and formula (3):

M, 1.728
b |=|-0.00615898
b, -52.9147

To bring pn0, bl and b2 into the formula (3), the regression equation is:

Y =7.905489806-0.00615898x, —52.9147x, (4)

From the formula (3), the surface values decrease with the cutting speeds increase under
high-speed cutting condition, and the surface values also decrease with the feed rates increase, but
their effect weights of the roughness value are different. The conclusion is different from the
theoretical roughness and formula (1) of the feed rate, which is obtained by the geometry method
during the conventional cutting process. The formula (1) shows that the surface roughness increases
with the feed rates increase, whereas the formula (4) reveals that to some extent increasing of feed
rates is available for improving of surface quality under high-speed cutting. This indicates that the
high-speed cutting shows specific deformation mechanism.
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Non-linear Regression Model

The data structure of the nonlinear regression model of the surface roughness value is following:
Yo =Byt BXa t PXat e (q=12, ..., 5) (5)

Where ya is the experimental value of the surface roughness; B0 is estimated parameter; f1and
B2 are the estimated parameters of coefficients of quadratic cutting speed and feed rate; ea is
random variable caused by random factors. Similarly, the estimated 3 parameter is obtained by the
least square method. The b0, bland b2 correspond to the least square estimation of B0, Bl and 2,
and the two elemental nonlinear regression equations of the formula (5) are:

2

y=b, +bx’, +b,x2, 6)

17l

The regression coefficients (b0, bl and b2) are obtained by formula (6):

b,) (343061
b |=|-2.95571x10"°
b,) |-224.676

To plug b0, bl and b2 into formula (6), the two nonlinear regression equations are obtained:

§ =3.43061-2.95571x10°°X? —224.676x: 7

Comparison of Two Models .

Formulas (4) and (7) correspond to two types of surface roughness models established by the
linear and nonlinear regression theories respectively. In order to consider the efficiency and
prediction accuracy of two models, the surface roughness under the same cutting conditions were
estimated by two models, and the estimated values are compared with the experimental values to
calculate the relative errors, which are considered as the effective basis of the models.

Table 5 shows the cutting conditions of the experiments 1 through 5, and the surface roughness
values are estimated by the linear and nonlinear regression models, and the errors between the
predicted and experimental values are calculated. It can be seen that the prediction values of the
linear regression model are close to the experimental values, and the maximum and minimum errors
between the predicted and experimental values are 12.72% and 1.48%, respectively. This indicates
that the prediction accuracy is reasonable as the prediction values of the nonlinear regression model
are also close to the experimental values, but the prediction accuracy is worse than that of the linear
model. The maximum and minimum errors between the predicted and experimental values are
13.13, and 7.26%, respectively.

According to above results, it can be found that (1) the established linear and nonlinear models of
surface roughness for high-speed cutting of high manganese steels can be used to predict the surface
roughness of machined samples at high-speed cutting, and prediction accuracies are relative high.
Generally speaking, the calculated results of the linear model are more accuracy than those of the
nonlinear model; (2) according to studied models, requirements of surface quality for the machined
sample and conditions of existing machine tools, the cutting speed (vc) and feed rate (f) can provide
the basis for the development of reasonable processing procedures for the high-speed cutting
process. The cutting depth (ap) was selected according to the blank type, machining allowance and
rigidity of process system.
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Table5 Prediction of roughness values of machined surface and its corresponding measured values

Experimental number 1 2 4 5

Measured value y 0.92 2.35 2.25 1.54

Linear regression value y,  1.02377117 2.050993192 1.97105516 1.562857932
Relative linear error % 11.28 12.72 12.4 1.48
Nonlinear regression value  0.986800973 2.043711235 1.960627888 1.337665212
Relative nonlinear error %  7.26 13.0 12.86 13.13

(1) Fig.4 shows the appearance and microscopic morphologies of chips at a cutting speed of
258.2m/min, a feed rate of 0.lmm/r and a cutting depth of 0.15mm. As shown in Fig.4a, the
macroscopic appearance of chips shows continuous belt-like morphology, and relatively rough
surface is mainly due to relative big feed rate and thick cutting depth. As shown in Fig.4b, the
bottom of the chips show burn characteristics, indicating that the temperature at tool/chip interface
is very high and probably exceed to phase transformation point (about in the range of 900°C~

1000°C). As shown in Fig.4c, the top of the chips shows relatively small-zigzagged morphology.

(a) chip appearance (b) chip bottom (50X) (¢) chip top (50X)
Fig.4 Chip deformation at a cutting speed of 258.2m/min, a feed rate of 0.lmm/r and a cutting depth of 0.15mm

(2) Fig.5 shows the appearance and microscopic morphologies of chips at a cutting speed of
409.3m/min, a feed rate of 0.063mm/r and a cutting depth of 0.15mm. As shown in Fig.4a, the
appearance of chips shows continuous belt-like morphology, but more soft and curly are mainly due
to relative thin chip thickness caused by smaller feed rate. In addition, it is related to high cutting
temperature caused by high cutting speed. As shown in Fig.5b, the image of the bottom of the chip
shows interval burn characteristics, with a dark color, indicating that the burn degree is very severe.
The main cause is that the higher cutting speed results in higher cutting temperature, and meanwhile
it is related to smaller feed rate, thin cutting depth and heat concentration. As shown in Fig.5c, the
image of the top of the chip shows zigzagged morphology, and the trend becomes more apparent,
and the amplitude of zigzag increases. The dark color indicates higher cutting temperature.

(3) Fig.6 shows the appearance and microscopic morphologies of chips at a cutting speed of
506.95m/min, a feed rate of 0.05mm/r and a cutting depth of 0.15mm. As shown in Fig.6a, the
macroscopic shape first changes from rapidly belt-like morphology to aggregate morphology. This
indicates that first cutting temperature is not enough high, but subsequently rapidly increases with
the cutting process prolonging, resulting in softening of cutting layers. As shown in Fig.6b, the
image of the bottom of the chip shows the burn characteristics of dense sheet due to high cutting
temperature, which is primarily consistent with the macroscopic shape. As shown in Fig.6c, the
image of the top of the chip shows the zigzagged morphology, and the zigzag spacing increases and
finally reaches facture. This characteristic can be certified by macroscopic shape.
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(a) appearance (b) chip bottom (50X) (¢) chip top (50X)

Fig. 5 Chip deformation at a cutting speed of 409.3m/min, a feed rate of 0.063mm/r and a cutting depth of 0.15mm

(a) chip appearance (b) chip bottom (50X) (¢) chip top (50X

Fig. 6 Chip deformation at a cutting speed of 506.95m/min, a feed rate of 0.05mm/r and a cutting depth of 0.15mm

(a) chip appearance (b) chip bottom (50X) (¢) chip top (50X

Fig. 7 Chip deformation at a cutting speed of 602.69m/min, a feed rate of 0.042mm/r and a cutting depth of 0.15mm

(4) Fig.7 shows the appearance and microscopic morphologies of chips at a cutting speed of
602.69m/min, a feed rate of 0.042mm/r and a cutting depth of 0.15mm. As shown in Fig.7a, the
purple-red chips show belt-like morphology and variable lengths, and Fig.7b shows deep colored
chips on the bottom. This is due to the appearance of the cold-weld phenomenon occurring in chips
caused by high temperature and high pressure, and built-up edges fractured by moving chips. As
shown in Fig.7c, peak and valley characteristics with high and low fluctuations appear in chip top,
similar to the zigzagged morphology, but the zigzag feature is not obvious relative to Fig.6c.

(5) Fig.8 shows the appearance and microscopic morphologies of chips at a cutting speed of
746.3m/min, a feed rate of 0.033mm/r and a cutting depth of 0.15mm. As shown in Fig.8a, the chip
appearance shows flake shape, notably different from that of chip appearances. This indicates that
the length of cut chips is very short at high-speed cutting condition, and significant changes have
occurred in the chip shape, showing the changes from long belt-like morphology to short belt-like
or C-shaped morphology. As shown in Fig.8b, it can be seen that the bottom of the chip is extremely
rough, indicating that the chips seriously deform. The lower part of the surface temperature of the
chip is high, and generates severe cold-weld cutting phenomenon, which is a typical bond effect,
resulting in the coarse cutting surface. As shown in Fig.8c, it can be seen that zigzagged degree is
very obvious. This certifies that the zigzagged chips are typical feature of high-speed cutting.

From the chip appearances as shown in Fig.4a through Fig.8a, it can be found that the chip shape
changes from the continuously long belt-like morphology to easily broken short morphology with
the cutting speeds increase, and finally transforms to broken short chips. This indicates that
considerable changes have occurred in the deformation mechanism at high-speed cutting conditions.
This is mainly due to the combinations of work hardening and high temperature softening. On the
other hand, under high-speed cutting, the cutting layer material is subjected to rapid and intense
extrusion and deformation of the cutting edge from the cutting blades. This is equal to the work
hardening caused by high-speed impact, resulting in decreasing of the material plasticity of the
shear slip surface, increasing of brittleness and improving hardness. Moreover, shear sliding speed
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increases under high cutting speed, and the deformation process is very rapid. Hence most
deformation energy of cutting layers transforms into the cutting heat. In addition, the thermal
conductivity of the high manganese steels is low, and heat is not timely spread, and results in easily
appearances of shear slip. The whole process is called as softening effect. In addition, higher cutting
speeds lead to the increase of flow speeds in chips, in association with the high manganese steel
material with good plasticity and toughness. Therefore, even in the case of high-speed cutting, the
deformation hardening effect is not easy to make the chips appear naturally macro brittle fracture,
so most chips show belt-like morphology at high-speed cutting ranges. Only when the cutting speed
reaches a critical value, the hardening and softening effects exist at the same time, and the chips
trend to break when the hardening effect is dominant as shown in Fig.8a.

(a) chip appearance (b) chip bottom (50X) (¢ chip top (50X)

Fig. 8 Chip deformation at a cutting speed of 746.3m/min, a feed rate of 0.033mm/r and a cutting depth of 0.15mm

From the appearances of the bottom of the chip as shown in Fig.4b through Fig.8b, it can been
found that the chips flow out along the rake face at relative high cutting speed, and the rake face
temperature is higher because of extrusion and sliding friction heat. The bottom of the surface of the
chips is burned under high temperature, showing burn color. With the cutting speeds increase, the
burn color become more and more deep; under higher cutting speeds, the interfaces between the
tools and chips affect bond effect, and the trend increases with the cutting speeds increase. The
bottom of the chips shows coarse faces due to irregular fracture of built-up edges.

From the appearances of the top of the chip as shown in Fig.4b through Fig.8b, it can be found
that the little-zigzagged shapes are observed at high cutting speeds. However, when the
experimental cutting speed reaches the maximum value (746.3m/min), the cracks can occur. From
the appearances of the top of the chips as shown in Fig.4b through Fig.8b, it can been found that
high-speed cutting of high manganese steel shows microscopic zigzagged shape occurring in chip
top; with the cutting speeds increase, the zigzagged trend is more pronounced; when the
experimental cutting speed reaches the maximum value (746.3m/min), zigzag of chips confronts
verge of breaking.

Conclusions

Metal ceramic cutting tools (RCHTO1) were performed to high-speed cut high manganese steel
(ZGMn13), and the deformation mechanisms of high-speed cutting and surface quality were studied.
The following conclusions are obtained:

(1) The cutting parameters have remarkable influence on the surface roughness of machined
samples during the high-speed cutting processes. The feed rate has the greatest influence, and the
cutting speeds have a relatively significant influence. The reduction of feed rate decreases the
surface roughness, but the rigidity of the technology system and the property of tool material are
good, the increase of the cutting speeds can decrease surface roughness values. In theory, the effect
of cutting depth on surface roughness is ignored, but in fact the increment of cutting depth results in
increasing of radius force, leading to the vibration of cutting tools and further increasing of surface
roughness value.

(2) The deformation processes of high manganese steel materials are affected and controlled by
work hardening and softening effects at dry and high-speed cutting. The work hardening effect is
related to the cutting layer materials which undergo the severe extrusion between the nose radius
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and cutting edge blunt round radius as well as the flank friction during the high-speed cutting. The
plastic deformation of materials results in increasing of hardness, reduction of plasticity, and
increasing of brittleness; the softening effect is related to transformation of most energy of
high-speed cutting consumption to cutting heat, which generates extremely high temperature of
cutting deformation zones, resulting in rapidly softening of material and reducing of strength.
Across the shear deformation zone, the temperature rapidly decreases due to the top surface of free
surface, which causes high thermal stress and further produces micro-cracks. The shear slip
deformation of chips rapidly occurs and then rapidly stops, resulting in layer and layer stacking.
Therefore, macroscopic images of the belt-like chips show zigzagged appearances on top surface.

(3) The bottom surface of chips shows burn color and coarse stage. The burn color is related to
high temperature zones caused by friction heat at the tool/chip interfaces and deformation heat; The
coarse bottom surface of chips is related to fractured built-up edges on the rake face.

(4) The prediction accuracy of surface roughness model is up to 87.28%~98.52%. Conversely,
the model can be used to obtain cutting speed and feed rate at high-speed cutting.
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