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ABSTRACT

An innovative two-stage composite coating method, which comprises
of Electrostatic Spray Coating (ESC) and Chemical Vapor Infiltration (CVI)
has been developed by the University of Arkansas and NanoMech, LLC for
coating cutting tools in hard turning. For a coated cBN-TiN composite tool,
ESC of nano-to-micron cBN particles is sprayed on WC substrate to create a
porous matrix, and then CVI is used to infiltrate TiN through this cBN porous
matrix to form a very dense coating. Two sizes of cBN particles (cBN particle
< 0.5 um and cBN particle < 2 um) are used in this paper for investigating
effects of coated particle sizes on cutting performances and microstructures
of the coating layers. Since tool life is one of several criteria for evaluating
cutting tool’s performances, tool life studies of tools with two different coated
c¢BN particle sizes are performed. The results show that a coated cutting tool
with a smaller coated cBN particle size has a comparative tool life as solid
Polycrystalline Boron Nitride (PCBN) tool which is a dominant tool in hard
turning applications and the tool life twice as long as a coated tools with
larger cBN particle size. Microstructures of coated layers for the tool with
smaller cBN particle size at the flank location show a more uniform coating
than the coated tool with larger cBN size. A regression analysis model for
the tool life of coated composite tools with cBN particle size less than 0.5 um
is constructed as a demonstration for a mean to predict a tool life of cutting
tool in metal cutting.
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INTRODUCTION

A concept of using single-step dry turning of hardened steels has been
proven for its feasibility as a finish process to compete with grinding and other
finish processes (Liu and Mittal, 1995). Finish surface quality obtained from
hard turning process is comparable to grinding process and other finish processes
(Jochmann and Wirtz, 1999), (Abrao and Aspinwall, 1996). Moreover, hard
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turning process has a potential to save significant cost from less capital invest-
ment and less manufacturing lead time due to the reduction of steps in produc-
ing parts (Liu and Mittal, 1996), (Konig et al., 1993). Short cycle times and
greater flexibility in multiple machining operations through CNC lathes in hard
machining offers higher productivity than the cost-intensive grinding, precision
grinding, and honing operations (Wick, 1988), (Bossom, 1990). Therefore, hard
turning has gained increased attention.

The use of polycrystalline cubic boron nitride (PCBN) cutting tool in hard
turning has been investigated for a considerable time and it has found increased
applications in industry (Halpin et al., 2005), (Tamizharasan, 2006). In addition,
substantial investigation of surface integrity aspects of hard machine surface had
been present in Agha and Liu (2000) and Liu and Mittal (1998). Despite the
fact that solid PCBN tool has a longer tool life than others, the cost of PCBN
tool is expensive and it has the tendency of chipping as reported by Chou and
Evans (1999).

A two-stage composite coating method for carbide cutting tools had been
developed (Russell et al., 2003). The cBN-TiN composite coating was synthesized
in two-step process of electrostatic spray coating (ESC) of cBN particles on the
substrate of interest to form a porous powder coating, followed by chemical
vapor infiltration (CVI) of ceramic binder (TiN). In ESC process, commercially
available cBN powder were sprayed from an electrostatic spray gun with the
assistance of a jet mill and charged negatively. The charged particles deposited
on the grounded substrate by following the electrostatic field lines and formed
a uniform porous powder coating. Coating thickness and uniformity were opti-
mized by experimenting with process parameters including electrode-to-substrate
distance (100-200 mm), electrical voltage (30-90 kV), pressures (pushing nozzle
and grinding nozzles, 30-90 psi) for jet mill, and rotational speed of sample stage
(200-450 rpm). The ESC deposited cBN particles are only loosely bonded to
each other and to the substrate by electrostatic forces. To make it a dense and
functional coating, a CVI process is required to consolidate the porous cBN for
a composite coating. CVI works on the same principle as a CVD process. In
this case, TiN was infiltrated for cBN-TiN composite coating.

Study of effects of coated cBN particle size on cutting tool’s performances
and microstructure of coated layers can provide a better understanding and
improvement for the composite coating process. Therefore, the tool life study
cBN-TiN coated on WC cutting tools with different cBN particle sizes and
microstructure analysis of coated layer by using Scanning Electron Microscope
(SEM) are performed.

METHODOLOGY

Three types of cutting tool inserts were used in this study as the follow-
ing:

Tool 1: SNMA 432 c¢BN-TiN coated inserts. The coating thickness is
about 15 pm, with ¢cBN (0-0.5 pm) and the volumetric ratio of about 42-47%.
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The substrates are standard WC-Co.

Tool 2: SNMA 432 cBN-TiN coated inserts. The coating thickness is
about 15 microns, with ¢cBN (0-2 um) and the volumetric ratio of about 42-47%.
The substrates are standard WC-Co.

Tool 3: Solid PCBN tool insert (BSNG 432 series: 8100 from Diamond
Innovations)

Workpiece: Hardened AISI 4340 steel with approximately 52 HRC.

In this study, two cutting speeds (m/s), three feeds (mm/rev), and a specific
depth of cut (mm), are used. The cutting conditions are summarized in Table
1.

Table 1. Cutting conditions.

Cutting Parameters
Cutting Conditions Speed Feed Depth of cut

(m/s) (mm/rev) (mm)
1 1.778 0.013 0.254
2 1.778 0.051 0.254
3 1.778 0.102 0.254
4 3.048 0.013 0.254
5 3.048 0.051 0.254
6 3.048 0.102 0.254

For each cutting conditions, three repeated cuts were performed. At each
time period for each cut, the flank wear were measure for three times. An optical
microscope was used for measuring flank wear land on the cutting tool. Then,
flank wear versus time for all six cutting conditions of the solid PCBN tool and
the two types of coated composite tools were plotted. By observing the flank
wear progress in the first 3 minutes of solid PCBN and of coated composite
tool, a cutting condition that provided the smallest discrepancies between flank
wear level of the coated composite tool and the solid PCBN was selected. In
general, there are three wear stages of a cutting tool (DeGarmo, et al., 2007).
The first stage where the wear rate of a cutting tool is high, usually takes few
minutes and then the tool gradually reaches a secondary stage where the tool
experiences a slow wear rate, and then the wear rate will increase rapidly again
at the final stage of tool wear. By comparing the wear rate of solid PCBN and
coated composite tool in the first few minutes, it could determine an approxi-
mated overall wear performance of the tools and save the material costs.

It has been found that at the feed of 0.102 mm/rev (0.0040 in/rev), the
speed of 1.778 m/s (350 feet/min) and the depth of cut of 0.254 mm (0.01 in),
the differences of the flank wear at each time period obtained from the solid
PCBN and the coated composite tool were minimum. After a selected cutting
condition was determined, that cutting condition was used for tool life compari-
sons between solid PCBN tool and the two types of coated composite tools. In
this paper, the tool life criterion for each type of the cutting tool is at the flank
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wear level of 0.381 mm (0.015 in).

After machining, the two types of coated composite tools were cut and
SEM was used for taking pictures of the cross sectional areas of coated layers
on the flank wear area of the tool. Energy Disperse Spectroscopy (EDS) system
on the SEM was used to distinguish types of particles in the SEM pictures.
It is found that the black dots are cBN particles, the dark gray areas are TiN
where the light-gray area underneath is the substrate WC, as seen in Fig. 2 and
Fig. 3.

Regression analysis was performed for demonstrating a mean of obtain-
ing a tool life model as a function of cutting speed and feed. In general, a
regression model is suitable for predicted the value of tool life in the range of
the experimental setup. In this case, the cutting speed is from 1.778-3.048 m/s
(350-600 feet/min), the feed is from 0.013-0.102 mm/rev (0.0005-0.0040 in/rev),
with the depth of cut of 0.254 mm (0.01 in). Now, the tool life model has been
developed. The tool life (T) is derived from two factors; speed (V) and feed
(f) where C is a constant. Equation (1) shows the general equation of the tool
life model.

T = CVf”Y (1)
By taking log for all of the terms in (1), now it becomes,
log T =1log C + x logV + y logf 2)

From (2), x, y and C can be obtained by using regression analysis tool in the
Microsoft Excel or other statistical software such as MINITAB.

RESULTS

Average flank wear results for solid PCBN tool, coated composite tool
with ¢cBN particle size <0.5 pm and coated composite tool with cBN particle size
< 2 pm are shown in Table 2. Fig. 1 shows a plot of the average flank wear for
the three types of cutting tools against the time. Fig. 2 and Fig. 3 shows cross
sectional area of coated layer at the flank location after machining for coated
composite tools with cBN particle size <0.5 pm and <2 pm, respectively. Table
3 shows coefficients x, y and C obtained from the regression analysis for coated
composite tool with cBN particle size <0.5 pm.
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Table 2. Average Flank Wear Results.

Average Flank Wear (mm)

Time (min Tool 1 Tool 2
i PCBN Tool (smaller ¢cBN) (larger cBN)
0.2 0 0.05588 0.05588
1.1 0.00254 0.0762 0.05588
1.9 0.02794 0.09398 0.05994
2.4 0.03302 0.09906 0.06553
18.2 0.1397 0.19812 0.2794
24.9 0.18542 0.2286 0.37846
27.7 0.21844 0.2413
48 0.36068 0.36322
50.2 0.37592 0.38354
51 0.37846
52 0.38354
Table 3. Regression analysis result for tool life.
Tool C X y
cBN<0.5 pm 106.85 -4.01 -2.04

Figure 1. Flank wear (feed 0.102 mm/rev, cutting speed 1.778 m/s, depth of
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Figure 2. Coating cross section at flank area of coated cBN-TiN composite tool
(cBN< 0.5 pm).

Figure 3. Coating cross section at flank area of coated cBN-TiN composite tool
(cBN< 2 um).

DISCUSSION

At the flank wear of about 0.381 mm (0.015 in), the coated composite
tool with ¢BN particle size <0.5 pm took about 50 minutes to reach this flank
wear level. The solid PCBN tools took about 52 minutes while it took about
25 minutes for the coated composite tool with ¢cBN <2 pum to reach the same
level of the flank wear. It can be seen that the wear rate of the coated com-
posite tool with ¢cBN particle < 2 um is about 2 times of the solid PCBN tool.
However, for coated composite tool with cBN < 0.5 um, the tool has a com-
parable wear rate as the solid PCBN. It is believed that coating with fine cBN
particles produced better tool life is due to: (1) the high strength (hardness)
associated with the particles with reduced size, leading to high wear resistance.
According to Hall-Petch relationship, the strength of the materials increases as
particle or grain size deceases till 10 nm; (2) high surface area related to the
small particles, contributing to better adhesion and less chance of particle pull-
out, if there is any; (3) potential high particle density for the fine cBN, if the
degree of agglomeration is the same as ¢cBN of less than 2 um.

Fig. 2 and Fig. 3 show SEM pictures of the cross sectional area for coated
composite cutting tools used in this experiment on the flank wear locations.
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These SEM pictures were taken at the magnification of 1,000 and 10,000. The
black dots are cBN particles and it is worth to note that the majority of these
cBN particles were not pulled out after machining.

At the same powder mass deposited, cBN particles with size less than 0.5
pm produced more uniform coating as seen in Fig. 2 and Fig. 3. The apparent
particle density in the coating is higher due to high ratio of g/m for the cBN
with relatively small size. The distribution of the particles is more uniform.
Occasional particle clusters have been observed in the cross-sections of both
cases. The SEM pictures (Fig. 2-3) also show a support of the coating technique
that the cBN particles still adhere to the surface after a period of machining
time and these cBN particles also spread randomly throughout the coated layer
of the cutting tools.

According to results in Table 3, the tool life equation for the coated com-
posite tool is shown in (3).

T = 10585 % y 401 x 204 3)

For (3), the unit of cutting speed is feet/min, and the unit for the feed is
in/rev. This equation will be helpful for determining an approximated tool life
of the composite cBN-TiN coated on WC tool.

CONCLUSION

The results show that a coated cutting tool with a smaller coated cBN
particle size has a comparative tool life as solid Polycrystalline Boron Nitride
(PCBN) tool which is a dominant tool in hard turning applications and a tool
life twice as long as a coated tool with larger cBN particle size. The cost of
manufacture a coated composite cutting tool is about $7.50 compared to the cost
of $104 of a solid PCBN cutting tool. This shows a significant impact on cost
benefit for manufacturing of hard materials.

Microstructures of coated layers for the tool with smaller cBN particle
size at the flank location show a more uniform coating than the coated tool
with larger cBN size. The more uniformity of the coating could contribute to
a longer tool life of a coating with smaller cBN particle. It can be seen that
the majority of cBN particles are still attached to the substrate throughout the
life of the tool for both types of coated composite tools. This would support
the validity of the coating techniques.

The tool life model is useful for manufacturers in their planning and
improving their process efficiency. A regression analysis model for the tool
life of coated composite tools with cBN particle size less than 0.5 pm was
constructed as a demonstration for a mean to predict a tool life of cutting tool
in metal cutting. The approach can be used for obtaining tool life model of
cutting tool with other coated particle sizes or cutting parameters.
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