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Abstract

The cutting performance of coated tools can be significantly improved by appropriate post-treatment of coated surface. To
determine the effects of micro-abrasive slurry jet (MASJ) and micro-abrasive air jet (MAAJ) on the performance of coated tools,
single-factor tests were conducted to investigate the effects of micro-abrasive jet processing parameters on surface roughness of
coated tools and thickness of coating removed. Based on the single-factor results, multi-process tests were designed, and two
types of coated tools were obtained after micro-abrasive jet post-treatment. Based on the results of wear tests and the effect of
cutting parameters on the surface roughness of the turning workpiece, the cutting performance of the three different tools on
hardened die steel was evaluated. Turning tests showed that the micro-abrasive jet post-treatments effectively improved the
surface morphology of the coating and the surface quality of the coated tools. Under the same machining parameters, the coated
tools treated with the MASJ show better cutting performance than the tools post-treated by MAAJ.
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thickness

Nomenclature resistance of these coating materials [2]. So far, physical vapor

p  Abrasive mass concentration (g/L) deposition method, especially cathodic arc evaporation, being
P Working pressure (MPa) one of the mainstream coating techniques, has widely been
T  Processing time (min) carried out to improve the cutting performance of coated tools.
W Particle size (um) However, there are numerous micro-particles on coated tools,
«  Incidence angle (°) resulting in a notable loss in anti-wear of coated tools, bad
gm Abrasive mass flow rate (g/s) machining quality, and the premature failure of cutting tools.
V Cutting speed (m/min) Therefore, to further improve the surface quality of coated
f Feed rate (mm/r) tools, some post-treatment methods for coated tools were de-
a, Cutting depth (mm) veloped, such as micro-blasting [3—5], heat treatment [6, 7],

and laser processing [8, 9]. Among these post-treatment
methods, the micro-blasting has been widely accepted in in-
dustrial applications [4, 10]. Micro-blasting not only increases
surface roughness of coated tools but also induces residual
compressive, and further significantly enhances cutting ser-
vice life of coated tools. During micro-blasting process, the

1 Introduction

Nowadays, the proportion of coated cemented carbide tools
has reached 85%, and continues to rise [1], which is mainly

due to excellent cutting performance of these coated cemented
carbide tools. Excellent cutting performance is closely associ-
ated with high hardness and wear resistance, good chemical
inertness, and excellent thermal stability and oxidation
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transport medium is usually air or wear, namely dry micro-
blasting or wet micro-blasting. Bouzakis et al. [11] found that
under the same process parameter conditions, the wet micro-
blasting resulted in a rougher surface and a lower hardness,
but a higher cutting performance compared with the dry
micro-blasted coating.

Micro-abrasive jet (MAJ), similarly as the conventional
micro-blasting processing, is a precision processing method
in which abrasive particles are introduced to form a high-
speed flow to impact the workpiece surfaces, showing a
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higher material removal efficiency. Moreover, MAJ exhibits
more flexibility in process control than conventional blasting
and has numerous advantages in brittle material machining
[12-15]. According to the different transport medium of abra-
sive grain, MAJs can be classified into micro-abrasive air jet
(MAAJ), micro-abrasive water jet (MAWJ), and micro-
abrasive slurry jet (MASJ). The MASIJ is based on the addi-
tion of a certain amount of polymer additive to the MAW]J, so
that the abrasive grain is in a uniform suspension state with
constant concentration and more concentrated jet beam [16].
Recently, abrasive slurry jets have been used for
micromachining due to the absence of a heat-affected zone
and a low workpiece force transfer, which result in little
change in target material properties [17, 18]. Low-pressure
MAJ has shown good results in polishing glass and die steel
[19-21]. However, the studies of the effect of MAJ on cutting
performance of coated tools have been not reported yet.

During micro-abrasive jet, the surface quality of the work-
piece is affected by various important parameters including
the abrasive mass concentration (abrasive mass flow rate),
particle size, working pressure, processing time, and incidence
angle [19, 22]. In this study, the effects of MASJ and MAAJ
parameters on the surface quality and coating removal thick-
ness were comparatively studied using single-factor experi-
ments. Based on the results of the single-factor experiments,
multi-process polishing tests were designed, and two types of
coated tools with different surface qualities and coating re-
moval thicknesses were evaluated. In addition, the perfor-
mances of three coated tools for turning hardened steel were
also studied.

2 Experimental methods
2.1 MAJ machining equipment

The MASJ machining equipment mainly consists of
supercharging, feeding, jet, movement control, and auxiliary
devices [19]. The principle mechanisms for the MAAJ have
been shown in ref. [15]. The MAJ post-treatments were con-
ducted on AlTiN-coated tools, with an average of surface
roughness (Ra) of 0.312 um and an average coating thickness
of 2.77 um. A 4 x 4-mm? area on the flank of the blade was
used as the machining area of the coated blade polished by the
MAI. The slurry was composed of an alumina abrasive, a 5
million nonionic polyacrylamide (PAM) with a mass concen-
tration of 0.6%, and a dispersant with a mass concentration of
0.1%.

The turning experiments were performed on a
CAK3665NJ CNC lathe (spindle motor power of 5.5 kW,
maximum spindle speed of 2400 rpm, GSK980TD system
of Guangzhou NC). A CALMAX hardened steel
(manufactured by ASSAB Group) was used for the turning
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workpiece in the cutting experiment, with a length of 100 mm,
diameter of 61.5 mm, and hardness of HRC 56. The coating
removal thickness and surface micromorphology were evalu-
ated by scanning electron microscopy (SEM) (NOVA
NANOSEM 430). The surface roughness was measured by
a surface profilometer (MarSurf XR20).

2.2 Experimental parameters

For the post-treatment of a PVD-coated tool, Bouzakis et al.
[5] noted that if unsuitable parameters are chosen, it may in-
crease the coating brittleness and cause local substrate revela-
tions, which may deteriorate the coated tool cutting perfor-
mance. Based on the results from refs. [14, 19], this experi-
ment focused on the five key parameters, including the abra-
sive mass concentration (abrasive mass flow rate), particle
size, working pressure, processing time, and incidence angle.
The parameter experimental schemes are listed in Tables 1
and 2, and the multi-process polishing experiments are listed
in Tables 3 and 4.

To analyze the wear of three cutting tools, moderate cutting
parameters were used in the wear experiments. The cutting
speed (V) was 90 m/min, the feed rate (f) was 0.25 mm/r,
and the cutting depth (a,,) was 0.15 mm. The tool was turned
off at 30 s (i.e., 45 m) and removed, and the wear on the flank
of the cutting tool was measured. After this, the wear on the
flank of the cutting tool was measured every 2 min (i.e.,
180 m) until the total turning length was greater than 1480 m.

To analyze the effect of cutting parameters on the surface
roughness of the turning workpiece, this paper focused on V, £,
and a,,. Each parameter had five different experimental values,
and an experimental scheme to evaluate cutting performance
was designed. For each group, the surface roughness of the
turning workpiece was tested after processing. The experi-
mental parameters are listed in Table 5. Each experiment of
the cutting parameters was repeated three times, and the three
measurement results were averaged.

Table 1  Single-parameter experiments with MASJ

No. p w P t ol

1 25-125 2 02 3 30

2 75 0.5-5 0.2 3 30

3 75 2 0.15-0.4 3 30

4 75 2 0.2 3-15 30

5 75 2 0.2 3 15-90




Int J Adv Manuf Technol (2020) 109:943-951 945
Table 2  Single-parameter experiments with MAAJ Table 4 Multi-process polishing with MAAJ
No. qm w P T a Parameter Rough Semi- Fine
fine

1 0.092-0.12 2 0.173 3 30
2 0.117 0.5-5  0.173 3 30 Im 0.092 0.108 0.108
3 0.117 2 0.086-0431 3 30 w 3 2 1
4 0.117 2 0.173 3415 30 P 0.173 0.173 0.086
5 0.117 2 0.173 3 1590 ! 2 2 2

« 30 30 45

3 Results and discussion

3.1 Analysis of single-parameter experimental results
of MAJ

3.1.1 Abrasive mass concentration and abrasive mass flow
rate

Figure 1 shows the effects of the abrasive mass concentration
and the abrasive mass flow rate of both MASJ and MAAJ on
the surface roughness and coating removal thickness. The Ra
for the coated tool post-treated by MASJ gradually decreases
from 0.183 to 0.141 um with the increase of abrasive mass
concentration from 25 to 100 g/L, and then reaches the min-
imum value (0.141 pum) at 100 g/L, and subsequently in-
creases after the abrasive mass concentration of over 100 g/
L. The Ra for MAAJ slightly decreases with the abrasive mass
concentration increasing from 25 to 50 g/L, and subsequently
increases with the increase of abrasive mass concentration
from 50 to 125 g/L. Moreover, it shows that under the same
abrasive mass concentration conditions, the Ra for MASJ is
always lower than that for MAAJ. For both MAAJ and MASJ,
the coating removal thickness increases with the increase of
abrasive mass concentration, and they have approximate coat-
ing removal thickness at the same abrasive mass
concentration.

During the fluid jet polishing process, the wear rate de-
pends on the sharpness of the abrasives and their kinetic en-
ergy [23]. When the abrasive mass concentration was large, a
high number of particles per unit time of the impact involved,

Table 3 Multi-process polishing with MASJ

Parameter Rough Semi- Fine
fine

p 50 75 100

w 3 2 1

P 0.15 0.2 0.2

t 2 2 2

« 30 30 45

which results in the interaction between the abrasive particle
increases and the average kinetic energy of the abrasive parti-
cle decrease. Therefore, the rate of material removed was not
proportional to the number of particles involved in the impact.
Excessive removal of surface coating will lead to reduction of
the service life of the coated tools [S]. Thus, in the multi-
process experiments with the MASJ, a small abrasive mass
concentration should be chosen to avoid excessive coating
removal thickness while reducing surface roughness.

3.1.2 Particle size

Figure 2 shows the effect of the particle size on the surface
roughness and coating removal thickness during the MAJ ma-
chining process. During MASIJ processing, as the particle size
increased from 1 to 5 pum, the Ra increased gradually from
0.142 to 0.168 um. This is consistent with the effect of particle
size on the surface roughness in traditional grinding and
polishing. This illustrates that big particle size can result in
higher Ra. Similar results were also found in ref. [11]. Under
low working pressure conditions, the small particle size has a
small kinetic energy. Thus, a strong grind of the surface was
not produced, resulting in a small removal rate of the material
and limited changes in surface roughness of coatings. When
the abrasive particle size increased from 0.5 to 1 pum, the
thickness removal of the coating increased rapidly from 0.22
to 0.5 pm. With further increase in the particle size from 1 to
5 pm, the material removal rate of the coating increased slow-
ly. In conclusion, when the abrasive particle size was 0.5 um,
the coating removal thickness was low; however, the surface
roughness was relatively high. When the abrasive particle size
was 5 pm, the rate of coating removal was large, and the
surface of the coating is the roughest. Therefore, the multi-

Table 5 Single-
parameter experimental No. 4 S p
scheme for turning

50-90 0.25 0.15

90 0.1-0.3 0.15

90 0.25 0.05-0.25
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Fig. 1 Effect of MASJ abrasive mass concentration and MAAJ abrasive
mass flow rate on the surface roughness and coating removal thickness

process polishing experiment scheme with the MASJ should
use a moderate abrasive particle size, such as a 3 pm abrasive
for a rough polishing process, a 2 pm abrasive for a semi-fine
polishing process, and a 1 pm abrasive for a fine polishing
process. As shown in Fig. 2, the effect of the particle size on
the surface roughness and coating removal thickness was ap-
proximately the same for the MAAJ and MASJ.

3.1.3 Working pressure

The effects of the working pressure on the surface roughness
and coating removal thickness are shown in Fig. 3. Under low
working pressure conditions, the kinetic energy of the jet was
insufficient, and the amount of material removed was limited;
therefore, the surface roughness was high. With increasing
working pressure, the surface roughness of the workpiece ini-
tially decreased and then increased, while the coating removal
thickness increased sharply. As the working pressure in-
creased, the kinetic energy of the particles also increased. In
addition, the grinding ability of the particles on the surface of
the workpiece increased, and thus, the surface roughness of
the workpiece decreased. As the working pressure continued
to increase, the kinetic energy became too large, and the
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Fig. 2 Effect of particle size on the surface roughness and coating
removal thickness
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Fig. 3 Effect of working pressure on the surface roughness and coating
removal thickness

surface texture of the workpiece was coarse and deep,
resulting in a higher surface roughness.

As shown in Fig. 3, at a working pressure of 0.4 MPa, the
coating removal thickness was 1.69 pum for the MASJ ma-
chining process. However, the actual machined surface exhib-
ited partial peeling, which reduced the cutting performance of
the coated tool. Therefore, for the multi-process polishing ex-
periment scheme with the MASJ, a high working pressure
should be avoided, and the working pressure should be
0.15 MPa or 0.2 MPa. In addition, a working pressure of
0.173 MPa or 0.259 MPa with the MAAJ was found to be
optimal.

3.1.4 Processing time

The effects of the processing time on the surface roughness
and coating removal thickness are shown in Fig. 4. With in-
creasing processing time, the surface roughness initially de-
creased and then increased, while the coating removal thick-
ness increased linearly. The Ra of the workpiece is the lowest
when the processing time for MASJ and MAAJ is 9 s and 6 s,
respectively. As the processing time further increases, the
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Fig. 4 Effect of processing time on the surface roughness and coating
removal thickness
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single-point surface removal thickness increased owing to
overgrinding. The surface of the workpiece contained a rough
groove with a rough tool path, and the surface roughness of
the coating exhibited an increasing trend. The removal thick-
ness of the coating increased linearly with the increase in
working time, which is consistent with the effect of processing
time on the amount of material removed during traditional
grinding. Therefore, controlling the processing time is impor-
tant for post-treatment of the coating.

In Fig. 4, at a processing time of 15 s, the coating removal
thickness was 1 um and 2.77 pwm for the MASJ and MAAJ
processes, respectively, and brittle micro-peeling of the coat-
ing was extensive. In addition, local substrate revelations ap-
peared in the post-treated coated tool. This reduced the service
life of the coated tool. Therefore, multi-process polishing ex-
periments with the MASJ should avoid long processing times.

Comparison of the experiment results for the MASJ and
MAALJ shows that the material removal rate with the MAAJ
machining process was greater than that with the MASJ ma-
chining process, and the removal thickness of the coating was
larger. In addition, the surface roughness of the coating treated
with the MAAJ was worse than that treated with the MASJ.

3.1.5 Incidence angle

In the MASJ machining process, the material removal rate
increased with an increase in the incidence angle from 15° to
90°. When the incident angle of the MASJ was between 45°
and 60°, the material removal rate was greatest and then de-
creased gradually. This effect is consistent with the ref. [24].
Al-Bukhaiti et al. [24] and Boud et al. [25] evaluated the
erosion removal mechanism of the MASJ at different angles
for a plastic material. The erosion mechanism of the MASJ
was found to be related to the tangential force and normal
impact force of the particles on the workpiece; however, the
material removed was dependent on the lateral shear force of
the slurry jet.
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Fig. 5 Effect of incidence angle on the surface roughness and coating
removal thickness

The effect of the incidence angle on the surface roughness
and coating removal thickness is shown in Fig. 5. With in-
creasing incidence angle, the surface roughness of the work-
piece decreased initially and then increased, while the thick-
ness of the coating increased initially and then decreased. The
effects of the incidence angle with the two methods were very
similar. At an incidence angle of 15°, the particles in the jet
were not strong enough to shear the surface of the workpiece.
The removal thickness of the coating was small and the sur-
face roughness was high. The surface of the coating was prone
to scratches. Luo [26] suggested that at an incidence angle of
30-45°, the jet had a strong shear effect on the surface of the
workpiece, and thus, the coating had a large removal thickness
and low surface roughness. At incidence angles of 60-90°, the
jet had a strong plastic extrusion effect on the surface of the
workpiece, but the radial shear force was small. To control the
coating removal thickness, the required machining surface can
be obtained by multi-process polishing with different inci-
dence angles. Therefore, for the multi-process polishing ex-
periments with the MASJ, an incidence angle of 30—45°
should be used.

3.2 Experimental analysis of multi-process polishing
with MAJ

Figure 6 shows that for the multi-process polishing experi-
ments with the MAS]J, the surface roughness decreased from
0.312 to 0.082 um with a processing time of 6 s after three
polishing cycles. The thickness of the coating decreased from
2.77 to 2.07 um, and the material removal rate was 0.117 wm/
s. In the multi-process polishing experiments with the MAAJ,
the surface roughness decreased from 0.312 to 0.141 um with
a processing time of 6 s after three polishing cycles. In addi-
tion, the thickness of the coating decreased from 2.77 to
1.92 um, and the material removal rate was 0.142 pm/s.
Figure 7 shows the surface topography of the coated tools
treated in the multi-process polishing experiments with the
MALJ. Compared with the MAAJ post-treated tools, the coated
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Fig. 6 MAJ multi-process polishing test results
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Fig. 7 MAJ multi-process polishing test results. a Untreated. b Rough polishing-MASJ. ¢ Semi-fine polishing-MASIJ. d Fine polishing-MASIJ. e
Coating thickness of untreated coated tool. f Rough polishing-MAAJ. g Semi-fine polishing-MAAJ. h Fine polishing-MAAJ

tools post-treated with the MASJ exhibited a more uniform
surface. The slurry of MASJ contained a suspension with
cohesion and uniformity; therefore, the surface after machin-
ing was smooth and uniform, and the effect was satisfactory.
In the MAAI processing, the abrasives easily formed agglom-
erates, and when the injection pressure is large, the jet beam
diverges toward the surroundings due to the influence of the
air, resulting in unevenness surface. Also, the MAAJ machin-
ing showed a higher material removal rate than that of the
MAS]I. In addition, the slurry for the MASJ must be prepared
in advance at a certain proportion. As a result, the preparation
process was more complex, and the preparation time was lon-
ger. Therefore, the machining efficiency of the MASJ was
lower than that of the MAAJ.

3.3 Cutting performance of the three coated tools

Turning CALMAX hardened die steel with three different
coated tools, curves of the cutting tool wear were obtained.
The effect of the different cutting parameters (cutting speed,
V; feed rate, f; and cutting depth, a,) on the surface roughness
of the three coated tools were investigated. The service life
and cutting performance of the coated tools treated with the
MAS]J and MAAJ were evaluated.

3.3.1 Tool wear curves

The tool wear curves are shown in Fig. 8. With increasing
cutting length, the wear of the three tools increased. The wear
of the untreated tool was greatest, and its tool life was shortest.
The wear of the tool treated with the MASJ was lowest, and its
tool life was longest. In addition, when the turning length was
45 m, the wear of the untreated tool was minimal (0.022 mm),
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while the wear of the tool treated with the MASJ was moder-
ate (0.023 mm), and the wear of the tool treated with the
MAAIJ was the largest (0.025 mm). The coating thicknesses
of the flank of the cutting tool treated with the MASJ and
MAAJ were small; therefore, the initial wear value was large.
The coating thickness of the untreated cutting tool was large
(2.77 m), and thus, the initial wear value was small. As the
turning length increased, because the surface of the flank treat-
ed with MAJ is smooth, the contact stress of the turning work-
piece during the cutting process is weak. As a result, the cut-
ting temperature is low, and thus, the wear of the tools treated
with MAJ is mild compared with the untreated tool. When the
cutting length reached 1480 m, the wear of the untreated tool
was 0.151 mm, while the wear of the MAAJ was 0.137 mm,
and that of the MASJ was only 0.103 mm. The tools treated
with the MAAJ and MAS]J exhibited 90.7% and 68.2% of the
flank wear of the untreated tool, respectively.

0.14F —— Untreated

0.12} —— MASJ

0.10F —— MAAJ
€ 0.08F
= 0.06}
>

0.04 }

0.02}

0.00 F

0 200 400 600 800 1000 1200 1400
Cutting length (m)

Fig. 8 Flank wear versus cutting length
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3.3.2 Effect of cutting parameters on surface roughness
of turning workpiece

The surface roughness of turning workpiece is an important
parameter for evaluating machining quality. The main factors
that affect the surface roughness of turning workpiece are the
geometric parameters of tool, the amount of cutting, the ma-
terial properties, and the cooling mode. In this turning test, the
same material was machined with the same cutting parameters
using three different coated tools, and the surface roughness
Ra of turning workpiece was measured at three different po-
sitions along the circumference. After an unreasonable value
was discarded, the remaining five sets of roughness measure-
ments were averaged to obtain surface roughness values for
the conditions of each cutting parameter.

As shown in Fig. 9, when the three coated tools cut the
hardened die steel, the surface roughness of turning workpiece
decreased with increasing cutting speed. This is because the
CALMAX hardened die steel has a high toughness and ade-
quate hardenability; therefore, a continuous chip was pro-
duced at a low cutting speed, and it was not easily broken. A
long chip would scratch the turning workpiece, resulting in
increased turning workpiece surface roughness. At a high cut-
ting speed, the chips can break, and thermal softening of the
turning workpiece can improve surface quality. In the diagram
of Fig. 9, the decreasing trend in the surface roughness was the
same for increasing cutting speeds with the three cutting tools.
At the same cutting speed, the surface roughness of the un-
treated tool was the largest, while that of the tool treated with
the MASJ was the lowest. Therefore, tool performance with
MAS]J treatment was optimal. Under the same cutting param-
eters, the surface roughness of the coated tool affects the sur-
face quality of the turning workpiece. Thus, when the surface
roughness of the coated tool is low, the surface quality of the
turning workpiece is improved.

As shown in Fig. 10, when the three coated tools machined
the hardened die steel, the surface roughness of turning
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Fig. 10 Effect of feed rate on the surface roughness of turning workpiece

workpiece increased with increasing feed rate. In many stud-
ies, it has been found that in the main process parameters such
as cutting speed, feed rate, and depth of cut, the feed rate is the
most significant factor influencing the surface roughness of
the turning workpiece during turning hardened steel [27-29].
When the feed speed was large, the number of processing per
unit volume of material was reduced, the residual height of the
turning workpiece surface was increased, and obvious groove
marks appeared, resulting in rough surface. In general, under
the experimental conditions, the three cutting tools using dif-
ferent post-treatment methods have similar rises in the surface
roughness of the turning workpiece when increasing the feed
rate. At the same feed rate, the surface roughness of the un-
treated tool was the largest, while that of the tool treated with
the MASJ was the lowest. Therefore, tool performance with
MASIJ treatment was optimal.

As shown in Fig. 11, the surface roughness of the turning
workpiece decreased with increasing cutting depth for the
three tools cutting the hardened die steel. At small cutting
depths, cutting occurred in the tip arc. The tool point had a
strong extrusion effect on the turning workpiece. This extru-
sion effect strengthened the plastic deformation of the turning
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§ 2'0 i \
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Fig. 11 Effect of cutting depth on the surface roughness of turning
workpiece
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workpiece. The small cutting depth also produced continuous
chips that did not break, and the long chips wrapped around
the turning workpiece and rubbed the machined surface. This
resulted in an increase in the surface roughness of the turning
workpiece. With increased cutting depth, cutting occurred
near the main cutting edge, and the extrusion action between
the tool and turning workpiece was weakened. The chip was
no longer continuous, and friction between the chip and the
turning workpiece was weak. Therefore, in a certain range,
when the cutting depth increased, Ra decreased. However,
as the cutting depth increased further, the cutting force in-
creased. The cutting temperature rose, the turning workpiece
vibration strengthened, and the surface roughness increased.
Based on the machining characteristics of the hardened die
steel and because the Kenna KC5010 series tool is suitable
for semi-finishing and finishing processes, the five cutting
depths used in these experiments were relatively small.
Therefore, the surface roughness of the machined turning
workpiece only exhibited a decrease with increasing cutting
depth.

4 Conclusions

Based on the experimental investigation of the effect of sur-
face treatment with the MAJ on coated tools, the primary
conclusions are summarized as follows:

(1) Reasonable process parameters of the MAJ can effec-
tively improve the surface quality of the coated tools
and reduce the coating thickness.

(2) In the multi-process experiments of the MAJ, the ma-
chining efficiency of the MASJ is lower than that of
the MAAJ; however, the surface of the tool post-treated
by MAS]J is more uniform than that post-treated by
MAAI.

(3) In the turning of CALMAX hardened steel, the MASJ
post-treated coated tool with higher surface quality has
better cutting performance, less tool wear, and lower sur-
face roughness of workpiece.
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