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Silicon nitride (SizN,) cutting tools exhibit excellent thermal stability and wear resistance

in the high-speed machining of cast irons, but show poor chemical wear resistance in the
machining of steel. Conventional chemical vapour deposition (CVD) coating of Si;N, tools
has not been very successful because of thermal expansion mismatch between coatings and
the substrate. This problem was overcome by developing a CVD process to tailor the inter-
face for titanium carbide (TiC) and titanium nitride (TiN) coatings. Computer modelling of
the CVD process was done to predict which phases would form at the interface, and the
results compared with analyses of the interface. Three Si;N, compositions were considered,
including pure Si;N,, Si;N, with a glass phase binder, and Si;N, + TiC composite with

a glass phase binder. Results of machining tests on coated tools show that the formation of
an interlayer provides superior wear resistance and tool life in the machining of steel as
compared to uncoated and conventionally coated Si;N, tools.

1. Introduction
Advances in the high-speed machining of cast irons
in the last few years have become possible due to the
use of Si;N,-based cutting tools which exhibit high
thermal and mechanical stability, hardness, and wear
resistance at high machining speeds. Compared to the
other ceramic cutting tools in common use, such as
alumina (Al,O;) and alumina + titanium carbide
(Al,O3 + TiC) composite, Si;N, has a higher level of
fracture toughness and thermal shock resistance
[1-4]. This unique combination of properties has
made it routinely possible to machine cast irons with
Si3N, cutting tools at surface speeds in excess of
1200 m min~* in milling and turning applications [4].
Attempts to use SizN, tools for machining steel
have been largely unsuccessful because of the forma-
tion of long, continuous chips which, in contact with
the tool at high temperature and ambient atmosphere,
cause a rapid chemical reaction with iron. This results
in the chemical wear of the insert, which leads to
failure by cratering [2]. This problem is not encoun-
tered with cast irons which form short chips and,
therefore, exhibit minimal chemical wear.
Conventional CVD wear-resistant coatings have
been applied to Si;N,-based cutting tools [5-8]. For
example, Furukawa et al. [5] deposited CVD TiN and
Al,O; coatings on hot-pressed Si;N, (HPSN) cutting
tools. However, they found that use of these tools was
limited to the machining of cast irons. Sarin and
co-workers [6-8] deposited TiC, TiN, Ti(C,N), and
Al,O; coatings on conventional Si;N, cutting tools,
as well as on Si;N,-based tools containing dispersed
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second-phase particles of refractory carbides, carbo-
nitrides, or nitrides [7, 8]. They reported some im-
provements in tool life when machining cast irons and
steels.

Improvements in the wear resistance are generally
realized when a suitable coating is applied to cutting
tools. In the case of composite Si;N, tools, it is found
that the second-phase particles of TiC usually act as
nucleation sites for the coatings, and provide the
necessary diffusion bond for good adhesion. In the
absence of a suitable bond, the coating does not
adhere well, as illustrated in Fig. 1 where the TiC
coating deposited on HPSN shows spontaneous
spalling and cracking in the as-coated condition.

An excellent review of the factors affecting adhesion
of coatings was published by Steinmann et al. [9]. It
identified several important factors: surface finish,
substrate hardness, coating thickness, loading rate on
the coating, and rate of scratching in the scratch-test
type of adhesion test. In addition, the nature of
chemical bonding between the coating and the
substrate, internal stress in the coating, and the
nature and magnitude of thermal stresses at the
coating—substrate interface will influence adhesion.

For a 5 pm-thick TiC coating deposited at 1298 K
on a Si;N,-based tool containing 3.5 wt% MgO
binder, the room-temperature tangential stress in the
coating is about 2.3 GPa (tensile) (see Appendix). This
will give rise to a normal compressive stress at the
cutting edge of about 0.23 GPa for an edge radius of
50 pm. The corresponding values for TiN are 1.2 and
0.12 GPa, respectively. During machining operations,
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Figure 1 SEM photograph of TiC-coated HPSN showing poor
adhesion.

additional stresses are applied to the cutting edge
which create further problems for coating adhesion.
Under these circumstances, it is necessary to consider
methods to improve coating adhesion.

A study was, therefore, undertaken to develop a
method of tailoring the interface composition through
processing such that interfacial stresses would be
minimized. The basic principle of the approach was
described earlier [10, 11]. Essentially, it was shown
that interaction between Si;N, and TiCl, vapour at
high temperature causes the formation of a surface
film of TiN on the substrate according to the following
overall reaction:

Si3N, ¢ + 4TiClyg, + 2Hy ) — 4TiNy, + 3SiCly,
+ 4HCl,, (1)

The nature of interaction of TiCl, with the substrate,
and the exact composition of the film thus formed,
depends on several factors. In this paper, an equilib-
rium thermodynamic study of this system is presented
for different Si;N,-based substrates. Comparisons are
made between model predictions and compositional
and phase analyses of the surfaces of tools. It is shown
that a film of TiN forms at the interface, and that this
film improves the overall coating adhesion as dem-
onstrated in improved performance during steel
machining.

2. Experimental procedure

2.1. Materials

In this study, three Si;N, compositions were con-
sidered: CVD «-Si;N, (CVD-SN), hot-pressed SizN,

TABLE 1 Chemical compositions of substrate materials

with a glass phase binder (HPSN), and a composite
hot-pressed SizN, + TiC (HPSNT). The composi-
tions of these are given in Table L

2.2. Thermodynamic modelling

To assist in interpretation of the experimental results,
a thermodynamic analysis of the process was done.
The equilibrium composition of a hypothetical system
consisting of the substrate and a gas phase containing
the species used in the CVD process was calculated for
a range of temperatures at atmospheric pressure. The
gas-phase composition was varied from 2.2 x 10™* to
4.4 x 10~ 2 volume fraction TiCl, with the H, volume
fraction held constant at 2.2 x 10~ ! and the Ar volume
fraction constituting the balance. These values were
chosen to give H,/TiCl, ratios in the initial gas mix-
ture ranging from 1000 to 5. The substrate composi-
tions are given in Table 1. The relative amounts of gas
phase and substrate in the initial mixture were 1:1 for
all cases. A temperature range of 1323 to 1523 K was
used in the calculations. For each case, equilibrium
compositions were calculated by minimizing the
Gibbs free energy of the system subject to mass bal-
ance constraints. This model assumes that every con-
densed phase is a pure phase; i.c., solid-solution forma-
tion is not considered. Calculations were done using
a modified NASA chemical equilibrium computer
code [12].

2.3. Deposition of coatings

Samples of CVD-SN, HPSN and HPSNT were
treated in a gas mixture of TiCl, + H, + Ar to form
the interlayer. Two sets of deposition parameters were
used: (i) pressure = 1 atm, temperature = 1423 K, H,
=22vol%, Ar=73.6vol%, H,/TiCl, ratio =3,
total flow = 100 slpm, time = 1 h; (ii) same as (i) with
H,/TiCl, ratio = 100 and Ar = 77.8 vol %. Samples
of HPSN and HPSNT from the batch treated at
H,/TiCl, ratio = 5, along with uncoated HPSN and
HPSNT samples, were subsequently coated with
TiN, TiC, and TiC + Al,O; using standard coating
procedures.

2.4. Characterization
The coated samples were characterized by various
techniques. The phases present after the interlayer

Component Substrate composition

CVD-SN HPSN HPSNT

(wt %) (mol %) (Wt %) (mol %) (wt %) (mol %)
Si;N, 100.0 100.0 92.5 93.0 56.1 70.5
Y,0,; 0.0 0.0 35 5.6 37 7.5
AL, O, 0.0 0.0 0.5 0.4 1.2 1.1
TiC 0.0 ' 0.0 0.0 0.0 390 20.9
MgO 0.0 0.0 3.5 1.0 0.0 0.0
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treatment were identified by X-ray diffraction (XRD)
using a Scintag Pad V X-ray diffractometer and an
FeK, radiation source (A = 0.193604 nm). Depth pro-
files of the various elements were obtained by scan-
ning Auger microprobe using a Perkin-Elmer PHI 600
scanning Auger multiprobe (SAM). All depth profiles
were obtained using a 10 keV, 50 nA electron beam at
a spectral resolution of 0.6%. The electron beam was
rastered over an approximately 25 um by 25 um area.
Sputtering was performed with a focused 4 kV Ar*ion
beam rastered over a 3 mm by 3 mm area. The ion
beam was adjusted to provide a sputtering rate of
10 nm min~*! in Ta,0,. Samples were also examined
by scanning electron microscopy (SEM) using a Jeol
scanning electron microscope JSM-840A.

2.5. Machining tests

Steel turning tests were used to evaluate the machin-
ing performance of coated HPSN and HPSNT tools
with and without the interlayer. The test parameters
are given in Table II. Machining tests were not per-
formed on CVD-SN since this material is not used in
cutting tools. After testing, the inserts were evaluated
with a toolmaker’s microscope for flank and nose
wear, crater formation, and spalling of the coating(s).
Selected corners were also examined by SEM.

3. Results and discussion

3.1. Thermodynamic modelling

Initially, the case of a pure Si;N, substrate (e.g. CVD-
SN) was evaluated. The results from this case predict
that TiN will always form when Si;N, is exposed to
TiCl, and H, in the range of conditions considered.
When the initial ratio H,/TiCl, is large ( = 1000), free
silicon is also predicted to form (see Table III). The
implication of these results for the case of depositing a
TiC or TiN coating on an Si;N, substrate using TiCl,
as a source material is that a TiN layer should form on
the substrate surface during the early stages of depos-
ition. Furthermore, since the nitrogen for TiN forma-

TABLE II Parameters used for steel turning tests

AITSI 4340 steel
Quenched and tempered

Work material
Heat treatment

Hardness HB 290-310

Tool materials HPSN and HPSNT
Geometry SNG 12 04 12 (SNG 433)
Edge preparation 0.20 mm x 20°

152 and 213 mmin~?!

0.127 mm depth of cut (DOC)
0.25 mmrev~! feed rate

15° lead angle

0.38 mm flank or nose wear
or 0.13 mm crater wear

Cutting parameters

End-point of test

tion must be supplied by the substrate, this layer can
only form until the interface between the gas phase
and the interlayer becomes depleted of nitrogen. The
model predicts that no Ti metal or Ti,Si, compounds
will form at equilibrium.

The addition of oxides to Si;N,, represented by
HPSN, gives similar results except that the extent of
conversion of TiCl, to TiN increases. This occurs via
the formation of Si,N,O, which releases nitrogen to
react with the TiCl, compounds. Reactions are also
predicted to occur between the various phases present
in the substrate and between these and the gas phase
species. For example, AIN is predicted to form from
the AL, O; and Si3;N, in HPSN. The MgO component
of HPSN is stable at high initial ratios H,/TiCl,, but
reacts to form volatile MgCl, compounds at lower
ratios. When the gas phase contains a relatively large
amount of Cl, (e.g. low initial ratios H,/TiCl,), YOCI
and YCl;(, form from the Y,O; initially present in
HPSN. No Ti metal, Ti,Si,, or Ti O, compounds are
predicted to form.

When TiC is also present in the substrate, re-
presented by HPSNT, the model predicts that, at
equilibrium, all of the TiC is converted to TiN. In
practice, this suggests that a TiN layer will form on the
surface of each TiC grain that is exposed to the CVD
gas mixture, with titanium being provided by the
substrate. Similar reactions are predicted to occur

TABLE III Phases predicted by model to be present at equilibrium*

Initial ratio Substrate
H,/TiCl,
CVD-SN HPSN HPSNT
1000 Gas, Si, Gas, AIN, MgO, Gas, AIN, C, SiC,
Si;N,, TiN Si,N,0, SizN,, Si, N, 0, SizN,,
TiN, Y,0, TiN, YOC}, Y,0,
100 Same as Same as Same as
1000/1 case 1000/1 case 1000/1 case
50 Same as Gas, AIN, Si,N,O, Same as
1000/1 case Si;N,, TiN, Y,0,4 1000/1 case
10 Gas, SizN,, Gas, AIN, Si,N,0O, Same as -
TiN SisN,, TiN, 1000/1 case
YOC], Y,0,
5 Same as Gas, AIN, Si,N,0, Gas, AIN, C, SiC,
10/1 case SizNg, TiN, Si,N,O, SizN,,
YCly,,, YOC! TiN, YCl,,,, YOCI

*The term “gas” refers to the gas phase, and the subscript “I” denotes liquid phase. All other phases are solid.
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with the oxide additives as in HPSN. In addition, free
carbon and SiC are predicted to form from the carbon
that is released when the titanium in TiC reacts to
form TiN. As with the other substrates, no Ti metal,
Ti,Si,, or Ti,O, compounds are predicted to form.

The yield of TiN from TiCl, was also calculated.
The dependence of yield on the initial TiCl,/SizN,
ratio (Ti/N = four times the ratio of TiCl,/Si;N, in
the starting material) is shown in Fig. 2 for each of the
substrates studied. For very low Ti/N ratios (< 1073),
all of the TiCl, is converted to TiN regardless of the
composition of the substrate. At higher Ti/N ratios,
the presence of oxides is necessary to maintain com-
plete conversion. As discussed above, high yield at
high Ti/N ratios coincides with the formation of
Si,N,O, which releases nitrogen to react with titan-
ium. The results in Fig. 2 are for a temperature of
1423 K, but similar results are obtained at all temper-
atures considered. For example, for CVD-SN sub-
strate and a Ti/N value of 0.175, the conversion at
1323 K is 0.8229 while that at 1523 K is 0.8322.

For each of the substrates considered, the model
predicts that the surface will be depleted of Si;N,. The
calculated extent of depletion is inversely proportional
to the amount of Si;N, present in the starting mater-
ial. This indicates that the presence of substrate addi-
tives reduces the stability of Si;N,. When oxide addi-
tives are present, some of the Si;N, is oxidized to
Si,N,O (see Table III). Fig. 3 shows the stability of
Si,N, as a function of the amount of Si;N, initially
present in the substrate for a temperature of 1423 K.
The influence of gas-phase composition on SizN,
stability is also shown. As with the results in Fig. 2,
those in Fig. 3 are nearly independent of temperature.
For example, for HPSN at an initial H,/TiCl, ratio of
100, the stability of Si;N, ranges from 09875 at
1323 K to 0.9854 at 1523 K. For the same conditions,
the values for HPSNT are 0.8879 and 0.8680, respect-
ively. All of the converted Si;N, becomes either
Si,N,O or a gaseous Si H,, Si,Cl, or Si,H,Cl, species.

The results of the thermodynamic analysis indicate
that the driving force for formation of a TiN layer on
Si3;N, is very high. Furthermore, this driving force

1.00
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0.80 v vl 1l o

10 102 10-2 10 10°
Ratio of Ti/N in starting material

Figure 2 Dependence of TiN yield from TiCl, on the Ti/N ratio in
the starting material. Results are from model predictions at 1423 K.
Yield is defined as the number of moles of TiN present at equilib-
rium divided by the number of moles of TiCl, initially present. The
Ti/N ratio is four times the ratio TiCl,/Si;N, in the starting
material.
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Figure 3 Dependence of stability of Si;N, on the amount of Si;N,
present in the starting material. Results are from model predictions
at 1423 K. Stability is defined as the number of moles of Siy;N,
present at equilibrium divided by the number of moles of Si;N,
initially present. The labels on the curves denote the ratio H,/TiCl,
in the initial gas mixture.

increases when oxides or TiC are added to the sub-
strate. In the case of oxide additives, the Si;N, is
oxidized to Si,N, O, and this releases nitrogen for TiN
formation. In the case of TiC additives, the TiC is
converted to TiN and carbon-containing gaseous
species, and this provides additional titanium for
TiN formation. Calculations were also done for lower
temperatures, and they gave the same qualitative
results. This implies that, in practice, a TiN layer
should be present on the surface of any of the substrate
materials considered in this work after exposing the
substrate to TiCl, + H, at typical CVD temperatures.
In addition, the extent of TiN formation should be
less on CVD-SN than on the other substrates.

3.2. Characterization
3.2.1. XRD analysis
Samples of CVD-SN, HPSN and HPSNT were exam-
ined by XRD to determine the nature of the surface
after the interlayer treatment. The XRD spectra are
shown in Fig. 4. Fig. 4a shows the spectrum for
interlayer-coated CVD-SN. Positions of the TiN
peaks are indicated. These are distinct TiN peaks, and
there is no overlap of -Si;N, peaks at these Bragg
positions. Similarly, Fig. 4b shows the TiN peaks in
the spectrum of interlayer-coated HPSN. Fig. 4c and d
show the spectra for HPSNT. As indicated in Table 1,
this material contains a large amount of TiC which is
uniformly distributed in the matrix of Si;N,. Fig. 4c
shows that the peaks obtained from the sample do not
exactly match those of TiN or TiC. This is illustrated
in more detail in Fig. 4d, where the sample peak at 20
= 54° is enlarged. This peak is attributed to Ti(C, N).
These XRD results show clearly that the interlayer
reaction gives rise to a TiN film on the surface of
SizN,, irrespective of the presence or absence of a
glassy grain-boundary phase in the substrate. The
XRD data do not show any indication of the presence
of (Ti + Si)-type phases. These results are in agree-
ment with the predictions of the thermodynamic
model, and with the observations made in a previous
study [10].
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Figure 4 X-ray diffraction spectra for interlayer-coated Si;N, substrates: (a) CVD-SN, (b) HPSN, (c) HPSNT, {d) HPSNT, showing the
Ti(C,N) peak at 20 = 54°. FeK,, radiation (A = 0.193604 nm) was used to obtain the spectra.

3.2.2. Auger analysis

Results of the SAM analyses are illustrated in Figs 5
and 6 for interlayer-coated CVD-SN and HPSN,
respectively. For each substrate, depth profiles ob-
tained on samples treated with H,/TiCl, ratios of
5 and 100 are shown.

Fig. Sa shows the data for the case of H,/TiCl, = 5
on CVD-SN. A very thin interlayer film is present
on the surface (approximately 0.15 um). The outer
0.06 um contains Ti, C, N and O. The remainder
appears to be TiN, A small amount of Si is present in
the interlayer, but the total amount is estimated to be
< 30 at %. Fig. 5b shows the data for the case of
H,/TiCl, = 100. For this case, the interlayer thickness
is approximately 1.2 um, and its structure and com-
position are different from that in the H,/TiCl, = 5
case. A thin layer of TiN (& 0.25um) is present
adjacent to the substrate. In addition, a Ti,Si N, layer

exists in the outer 0.96 pm. The Ti/N ratio in this layer
is essentially constant at 3.3, with the amount of Si
decreasing in going from the TiN layer to the surface.
For example, the composition of the layer ranges from
TisSi3N, 5 at a depth of 0.96 um, to TisSi, ,N, , at
a depth of 0.48 pm, to TisSi; ,N, 5 at a depth of
0.24 pm. The Ti,Si N_ layer is believed to be amorph-
ous or extremely fine-grained as no diffraction pat-
terns for Ti Si,N, compounds could be found by XRD
(see above). Finally, a thin layer containing Ti, C, N
and O is present at the surface.

For the HPSN sample treated at H,/TiCl, = 5 (see
Fig. 6a), the total interlayer thickness is five times that
on the corresponding CVD-SN sample (e.g. 0.70 pm).
This indicates a higher reaction rate between the CVD
gas mixture and the substrate. As in the CVD-SN
sample prepared at H,/TiCi, = 100 (see above), a
Ti,Si,N, layer is present, with the level of Si decreasing
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Figure 4 (Contd.)

in going from the substrate to the surface. However,
unlike the CVD-SN sample, the Si appears to substi-
tute for Ti on a 1:1 basis. Also, no pure TiN layer is
evident. As in all samples examined, a Ti(C, N, O)
material is present near the surface. The interlayer on
the HPSN sample treated at H,/TiCl, = 100 (see
Fig. 6b) has a total thickness of 1.8 pm. It consists of
three distinct layers, each of approximately uniform
composition. The outer layer contains Ti, C, N and O.
The middle layer, consists of Ti, Si and N, and the
inner layer is TiN. Also, a small amount of Si is
present on the surface and in the TiN layer. The
composition of the Ti,Si,N, layer is close to TisSis,
with a small excess of Si and a trace amount of N
(roughly 5% of the Ti present). This composition was
determined by comparison with a standard made from
99.5% pure TisSi; powder from AESAR*, An XRD

Bragq angle, 26 (deg)

analysis of this layer indicated that it is amorphous or
extremely fine-grained.

A skin of Ti(C,N,O) was observed on the surface of
all samples examined with the SAM technique.. This is
believed to be a background contaminant.

A comparison of the SAM results indicates that the
total thickness of the interlayer is dependent on the
H,/TiCl, ratio, with the thickness increasing as the
ratio increases. This trend is independent of substrate.
Furthermore, at a given H,/TiCl, ratio, the interlayer
thickness is greater on HPSN than on CVD-SN. This
behaviour is consistent with the predictions from
thermodynamic modelling. For example, as the
H,/TiCl, ratio increases, the yield of TiN from TiCl,
is predicted to go up for CVD-SN (see Fig. 2). Note
that the Ti/N ratio in the starting material decreases
as the H,/TiCl, ratio increases. This suggests that, as

* AESAR, Johnson Matthey, 892 Lafayette Road, P.O. Box 1089, Seabrook, NH 03874, USA.
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Figure 5 Scanning Auger multiprobe depth profile of interlayer-
coated CVD-SN. The sputtering rate was approximately
10 nm min~ . (a) H,/TiCl, = 5, (b) H,/TiCl, = 100.

the value of H,/TiCl, increases, a thicker TiN film
should form for a constant treatment time. At
H,/TiCl, = 100 for the CVD-SN substrate, solid Si is
predicted to form in the interlayer (see Table III). A
comparison with the SAM results shows that Si is
present in the interlayer on this sample, although it is
apparently bonded to Ti. The thermodynamic model-
ling also predicted less decomposition of the SizN,
initially present in the substrate for CVD-SN than for
HPSN due to absence of oxide additives (see Fig. 3).
This in turn makes less nitrogen available for reaction
with titanium, which translates into less formation of
TiN. The SAM results are consistent with this predic-
tion, since the thickness of the TiN layer is smaller on
CVD-SN than on HPSN for both of the H,/TiCl,
ratios studied.

It is of interest to note that studies of interaction
between Si;N, and sputter-deposited titanium films
have shown that, when these films are heated to
temperatures = 1000 °C, TiN forms [ 13, 14]. Kagawa
[13] showed that, on a reaction-bonded Si;N,
(RBSN) substrate, interaction between the film and
the substrate could lead to the formation of TiN, TiSi
or TiSi,. Nobugai et al. [14] deposited a Ti-doped
amorphous Si;N, film by r.f. sputtering. When heated
to temperatures above 1100°C, precipitates of TiN
were formed and the amorphous Si;N, was converted
to B-SizN,. Thus, the formation of TiN and/or Ti-Si
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Figure 6 Scanning Auger multiprobe depth profile of interlayer-

coated HPSN. The sputtering rate was approximately 10 nm min~?.

(@) H,/TiCl, = 5, (b) H,/TiCl, = 100.

phases due to a reaction between Ti and SizN, is not
uncommon. The lack of prediction of Ti-Si phases by
the thermodynamic model suggests that the reaction is
kinetically controlled.

3.3. Machining tests

The effect of the interlayer on machining performance
was evaluated by conducting steel turning tests using
the parameters listed in Table II. These tests were
done on HPSN and HPSNT tools that were uncoated,
coated with TiC, TiN, or TiC + Al,O; without the
interlayer, and coated with the interlayer and TiC,
TiN, or TiC + Al,Oj;. The three outer coating layers —
TiC, TiN, or TiC + Al,O;~ were chosen because they
are commonly applied to cutting tools that are used
for steel machining,

The various coatings, including the interlayer, were
deposited primarily to illustrate the effect of the inter-
layer on the adhesion and machining performance of
subsequent coatings on Si;N,. As a result, no attempt
was made to optimize the coating thicknesses or CVD
process parameters. However, the thicknesses of indi-
vidual coatings were similar in the two sets of samples
(i.e. with and without the interlayer). Since the coating
thicknesses were not optimized, the specific tool life is
of less significance for this study than the relative tool
life. Therefore, the life of uncoated tools was taken as
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Figure 7 Relative tool life of coated HPSN tools in the machining of
4340 steel: cutting speed (a) 152 mmin~ %, (b) 213 m min~*. Coating:
(A) none, (B) TiC, (C) interlayer + TiC, (D) TiN, (E) interlayer
+ TiN, (F) TiC + Al,O;, (G) interlayer + TiC + Al,O;. The
results are normalized with respect to the life of an uncoated tool.
The principal failure mechanism for all tools was crater wear.

unity, and the values for coated tools were normalized
against those for the uncoated tool.

The normalized results are shown in Figs 7 and 8. In
all cases, the coated tools outperformed the uncoated
tools. Furthermore, the interlayer gave increased tool
life for all coated tools. After the machining tests, each
tool was examined by SEM to determine the failure
mode. For all tools, the primary failure mode was
cratering. As mentioned in section 1, the formation of
long, continuous chips in the turning of steel results in
a prolonged contact of the chips with the rake face of
the tool. The combination of friction, heat, and the
chemical affinity of iron with Siz;N, in the ambient
environment causes a rapid, chemically-enhanced ero-
“sion of the tool surface in the contact zone of the chip.
This causes a progressive increase in the tool force and
decrease in the strength of the cutting edge, eventually
resulting in formation of a crater. This type of wear,
referred to as chemical wear, was also observed on
SizN, tools in a study of reactivity of iron with various
tool materials [2]. In contrast, abrasive wear is the
primary wear mechanism in the machining of cast
iron. In addition to crater formation, coated tools that
had no interlayer showed spalling of the coating
beyond the crater, while those with the interlayer
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Figure 8 Relative tool life of coated HPSNT tools in the machining
of 4340 steel: cuiting speed (2) 152mmin~?, (b) 213 mmin~ 1.
Coating: (A) none, (B) TiC, (C) interlayer + TiC, (D) TiN, (E)
interlayer + TiN, (F) TiC + Al O3, (G) interlayer + TiC + AL O,.
The results are normalized with respect to the life of an uncoated
tool. The principal failure mechanism for all tools was crater wear.

showed coating removal only inside the crater.
The results for HPSN and HPSNT will be discussed
separately.

3.3.1. HPSN
The uncoated tool failed during the first pass, resulting
in the formation of a large crater. The size-of the crater
on HPSN tested at 152 mmin ! is shown in Fig. 9a.
Application of a coating gave increased tool life, as
illustrated in Figs 7 and 8, and this coincided with a
reduced crater size even though the tool was tested for
a larger number of passes. Furthermore, the crater size
was reduced even further when the interlayer was
present on coated tools. The reduction in crater size is
illustrated in Fig. 9b-e for coated tools with and
without the interlayer. These tools were tested at
152 mmin~ !, but similar results were obtained for
tools tested at 213 mmin~!. The increased tool life
and reduced crater size also coincided with a larger
critical load for coating failure during scratch testing
L15]. 5

The effect of the interlayer on coating adhesion is
illustrated further in Fig. 10, where coating damage
near the cutting edge is shown in detail. Fig. 10a shows



the edge of the crater on TiC-coated HPSN. The
coating has spalled off from a region approximately
20 um beyond the crater edge. In contrast, no spalling
occurred on the (interlayer + TiC)-coated HPSN tool
(Fig. 10b). The light-coloured regions on the crater
surfaces are iron from the steel that adhered.to the
tool. Similar results were obtained for TiN-coated and
(interlayer + TiN)-coated HPSN, as illustrated in
Fig. 10c and d, respectively. Results for (TiC
+ Al,05)-coated HPSN were also similar.

When no interlayer is present, the coating has
spalled down to the substrate, as shown in Fig. 11.
Fig. 11a shows the crater size, and Fig. 11b shows
exposed substrate beyond the crater edge. This is
further illustrated by the Si energy-dispersive spectro-
metry (EDS) elemental map of the crater zone shown

Figure 9 SEM photographs of HPSN tools showing crater forma-
tion after steel turning tests at 152 mmin~!. Coating: (a) none,
(b) TiC, (c) interlayer + TiC, {d) TiN, (e) interlayer + TiN.

in Fig. 11c. When the interlayer is first applied, adhe-
sion, and therefore wear resistance, is dramatically
improved, as can be seen in Fig. 12. Fig. 12a and b are
secondary electron and backscatter electron images of
the crater, respectively. It should be noted that the size
of the crater is significantly reduced compared to the
previous sample (sce Fig. 11a). Fig. 12¢—f show EDS
elemental maps for Al, Fe, Si and Ti for the region
shown in Fig. 12a and b. It is clear that the adhesion of
TiC and Al,O; coatings outside the crater zone is
excellent, unlike in the previous case where the sub-
strate was exposed well beyond the crater area.

3.3.2. HPSNT

As with HPSN, the uncoated tool failed during the
first pass and showed a large crater (Fig. 13a). The
effects of TiC and TiN coatings with and without
the interlayer on crater size are illustrated in Fig. 13b—¢
for tools tested at 152 mmin~ . Notice the spalling of
the TiC coating beyond the crater in Fig. 13b. Similar
results were also obtained for tools tested at
213 mmin~*.

When a TiC + Al,O; coating is present, the coating
has spalled down to the substrate (Fig. 14a—d). Com-
parison of the Si EDS elemental map of the crater
zone (Fig. 14b) with the crater shown in Fig. 14a
shows exposed substrate beyond the crater boundary.
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Figure 10 SEM photographs of coated HPSN tools showing effect of interlayer on coating adhesion after steel turning tests at
152 mmin ~*: (a) edge of crater in TiC-coated tool showing loss of coating adhesion on the rake face, (b) edge of crater in (interlayer + TiC)-
coated tool showing good coating adhesion, (c) edge of crater in TiN-coated tool showing loss of coating adhesion on the rake face, (d) edge of
crater in (interlayer + TiN)-coated tool showing good coating adhesion.

Edge of §

g Crater

The Al EDS elemental map (Fig. 14c) shows that the
Al,Oj; coating is completely removed in the crater
region. However, fragments of the TiC coating remain
just beyond the crater edge (Fig. 14d). This is indica-
tive of strong adherence of the TiC layer to the
substrate, which may be due to the presence of TiC
particles in the substrate as discussed in section 3.2.1.
Similar TiC coating fragments were not found on (TiC

Figure 11 SEM photographs of (TiC + Al,0;)-coated HPSN tools
without the interlayer after steel turning tests at 152 mmin~': (a)
secondary electron image of crater zone showing spalling of coating
beyond the crater, (b) backscattered electron image of area in (a), (c)
Si dot map (EDS) of area in (a) showing complete removal of
coating from the crater zone, beyond the wear area.
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Figure 12 SEM photographs of (TiC + Al,O,)-coated HPSN with interlayer after steel turning tests at 152 mmin ™ *: (a) secondary electron
image of crater zone showing a much smaller crater size, (b) backscattered electron image of the same area, (c) Al dot map (EDS) of wear area
showing retention of coating beyond the crater, (d) Fe dot map showing remnants of chips adhering to the tool, (e) Si dot map showing
removal of coating from the crater area, (f) Ti dot map showing spots where Al,O, coating has been removed. This shows that the adhesion

between TiC and the substrate is excellent. Compare with Fig. 11.

+ Al,0;)-coated HPSN, which contains no TiC in
the substrate. The enhanced adhesion of the TiC
coating on HPSNT coincided with improved machin-
ing performance relative to the uncoated substrate
when compared to HPSN (compare Figs 7 and 8).
Similar results were obtained by Kim et al. [16],
who observed a distinct interface in a TiC-coated
Si3N, + TiC composite similar to HPSNT. They
found a 1.3 um thick interface in the TiC-coated

sample. In contrast, a 0.6 pm interface was found in
a TiN-coated sample. The improved performance of
TiC-coated tools relative to TiN-coated tools was
attributed to this interface, suggesting that the adhe-
sion of the TiC coating to the substrate was better
than that of the TiN coating. Interestingly, these
authors did not observe any reaction between the TiC
particles in the substrate and the TiN coating. As
shown in Fig. 4d, the formation of the interlayer on
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Figure 13 SEM photographs of HPSNT tools showing crater

formation after steel turning tests at 152 mmin~*: (a) uncoated

HPSNT, (b) TiC-coated HPSNT, (c) (interiayer + TiC)-coated
HPSNT, (d) TiN-coated HPSNT, (¢) (interlayer + TiN)-coated
HPSNT.

HPSNT resulted in a Ti(C, N) phase in this work.
Thus, the formation of a TiN film on HPSNT pro-
duced a diffusion interface incorporating the dispersed
and second phase in the substrate, thereby further
enhancing the adhesion of subsequent coatings. The

¥ ool

| ALO, Coating | o Silicon |

% Exposed
Substrate

23 TiC Coating -
- e # Substrate

»

¥ " Crater

' Signal From
29 TiC Particles
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Substrate

Area Showing &
Exposed TiC
Coating

Figure 14 SEM photographs of (TiC + Al,Oj)-coated HPSNT tools without interlayer after steel turning tests at 152 mmin~: (a) crater

region showing spalling of the coating beyond the crater area, (b) Si dot map (EDS) of wear area showing removal of coating from the crater
area, (c) Al dot map of wear area showing complete removal of Al, O coating, (d) Ti dot map of wear area showing spots where Al,O; coating
has been removed.
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Figure 15 SEM photographs of (TiC + Al,O;)-coated HPSNT tools with interlayer after steel turning tests at 152 m min: ™! (a) crater region
showing a smaller crater size, (b) Si dot map (EDS) of wear area showing removal of coating from the crater area, (c) Al dot map of wear area
showing complete removal of Al,O, coating, (d) Ti dot map of wear area showing spots where Al,O; coating has been removed. Compare

with Fig. 14.

survival of TiC coating fragments beyond the crater
in the machine-tested (TiC + Al,Oj;)-coated HPSNT
sample (Fig. 14d) underscores the beneficial effect of
the diffusion interface.

Application of the interlayer to (TiC 4+ AL, Oj)-
coated HPSNT gave an improvement in tool life
relative to the tool without the interlayer, as illus-
trated by the reduced crater size shown in Fig. 15a
relative to that in Fig. 14a. However, regions of ex-
posed substrate still formed beyond the crater, as
shown by the Si EDS elemental dot map in Fig. 15b.
This is similar to the behaviour observed for the (TiC
+ Al,O;)-coated HPSNT tool without the interlayer.
Also, the Al,O, coating is completely removed in
the crater region (Fig. 15¢), but fragments of the TiC
coating remain (Fig. 15d).

4. Summary and conclusions

This study showed that the application of TiC, TiN
and TiC + AlL,O; coatings to Si;N,-based cutting
tool inserts improves tool life in steel turning appli-
cations. However, when these coated tools fail, it is
often due to loss of adhesion of the coating from the
substrate. It was shown that this problem can be
overcome by applying an interlayer between the coat-
ing and the substrate. The interlayer is produced by
chemically reacting TiCl, with the substrate at high
temperature, using a chemical vapour deposition pro-
cess similar to that used to deposit the coatings.
Thermodynamic modelling of the interlayer depos-
ition process was done, and it predicted that a TiN
layer should form on the surface of the substrate

during the interlayer deposition process. Analysis of
the interlayer using X-ray diffraction and a scanning
Auger microprobe confirmed the presence of TiN.
Steel turning tests of tools coated with and without the
interlayer showed substantial improvement in the tool
life when the interlayer was present.
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Appendix

The stress due to a mismatch of thermal expansion
coefficients between a coating and a substrate, in the
absence of plastic deformation, is given by [17]

EEAT (o, — o)
E, + 2E({t/t,)

or = (Al)
where o = tangential stress in the coating; E,, E,
= elastic moduli of substrate and coating, respect-
ively; AT = temperature change from deposition tem-
perature; o, o, = coefficients of thermal expansion
(CTE) for substrate and coating, respectively and

4579



TABLE A1 Properties of materials

Material CTE (K" 'x10"%) E(GPa) Ref

Si;N, with 3.5 wt % 324 - 18
MgO

TiC 8.6 430 19

TiN 8.0 215 19

t., t, = thicknesses of coating and substrate, respect-
ively. The expression can be simplified for a case where
t, < t,, giving

or = EAT(a, — o) (A2)

The required physical properties of the various mater-
ials are given in Table Al. With these values and
AT= —1000K, o11c=2305GPa and oy
= 1.1950 GPa. The normal stress at a sharp edge of
the coated insert is given by [17]

ECAT<t—°>(czS — a)
r

where r is the radius of curvature at the edge. For a
TiC coating of 5Spm on a SizN, substrate with
a radius of curvature at the cutting edge of 50 um,
Equation A3 gives Oy 1;c = 0.230 GPa. For a TiN
coating of the same thickness on the same substrate,
ontin = 0.120 GPa.

(A3)

O-N=
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