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A B S T R A C T

The growth of chemical vapor deposited TiN from a reaction gas mixture of TiCl4, N2 and H2 was investigated on
three different transition metal substrates: Fe, Co and Ni at deposition temperatures ranging from 850 °C to
950 °C. The interactions between the substrate metals and the gas phase were investigated using thermodynamic
calculations. The TiN coatings were characterized by scanning electron microscopy, scanning transmission
electron microscopy, X-ray diffraction, energy dispersive X-ray spectroscopy and transmission Kikuchi diffrac-
tion.

Chemical vapor deposition (CVD) of TiN on Co substrates resulted in dense, columnar coatings of single phase
TiN. The activation energy for TiN deposition on Co was determined to be 90 kJ/mol. CVD of TiN on Fe sub-
strates caused severe substrate corrosion by the formation of gaseous FeClx. Due to the substrate corrosion, the
activation energy could not be determined. Furthermore, it was found that CVD of TiN on Ni substrates produced
a phase mixture of TiN and Ni3Ti. Formation of Ni3Ti could be minimized by decreasing the H2 partial pressure
and increasing the N2 partial pressure. Deposition on Ni yielded two different activation energies, 40 kJ/mol in
the temperature interval 850 °C to 900 °C and 165 kJ/mol in the interval 900 °C to 950 °C. This is an indication
of two different types of process control, which were identified as Ni diffusion into the growing film and a gas
phase processes. The results of the present study showed that CVD of TiN on a cemented carbide using Fe and Ni
in the binder phase, must be optimized in order to avoid corrosion or unwanted phases. Methods to achieve this
are presented in this paper.

1. Introduction

Cemented carbide (WC with Co as a binder phase) based cutting
tools have, for decades, been the primary choice in the metal forming
industry. Lately, concerns regarding the toxicity of cobalt powder have
increased, thereby driving the development for alternative binder phase
materials [1,2]. Fe and Ni have been evaluated as such an alternative,
showing promising results [3]. At the same time, the demands for
higher quality and productivity are steadily increasing and the need to
develop high performance tools is greater than ever. To increase the
wear resistance of a cutting tool, hard protective coatings are typically
applied by either chemical vapor deposition (CVD) or physical vapor
deposition (PVD), depending on the intended use of the tool. CVD
coated WC-Co cutting tools are often coated with a multilayer system
comprising TiN-Ti(C,N)-Al2O3, where TiN is the layer closest to the tool
material. A general prerequisite for CVD is that the substrate needs to
be relatively inert towards the reaction gas-mixture in order to prevent
substrate degradation (often by corrosion). If the binder phase of the

WC-Co is changed, the interactions between the gas phase and the new
binder needs to be investigated in order to maintain a high performance
of the coating/substrate.

CVD of TiN on cemented carbides (WC/Co) is a well-known process
[4–9]. Investigations of TiN deposition onto several binder phase can-
didates such as Ni and stainless steel have been performed, where a
different growth rate, texture and coating morphology was observed on
CVD of TiN [10,11]. The adhesion of the TiN coating was also lowered.
As shown in previous studies the diffusion of binder phase material into
the coating can also have a substantial impact on the coating adhesion
[8,12,13]. In a study of CVD coating adhesion on WC substrates using
different binder phases (Fe, Ni and Co based) it was found that Co
containing substrates had the best tool–coating adhesion [3].

Porous coatings generally have poor mechanical properties, such as
hardness and adhesion, and are thus not ideal for metal cutting appli-
cations. CVD growth of TiN on Ni surfaces have shown that the coating
becomes porous and consists of more than one phase [11,13,14]. The
cause of this behavior is suspected to arise from the interaction between
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TiCl4 and Ni to form Ni-chlorides in the gas phase. These compounds
are reduced and redeposited on the TiN surface to form the inter-
metallic compound Ni3Ti. The reported growth of TiN on Ni substrates
suggests that the required mechanical properties for cutting tool use
cannot be achieved. However, through a better understanding of the
interface chemistry during CVD of TiN the formation of inter-metallic
phases can be suppressed.

The suggested rate limiting step in CVD of TiN from the TiCl4-N2-H2

system in conditions where mass transport influence is minimal, is
breakage of HeH and N^N bonds on the growing surface [15]. The
required dissociation and recombination energies for both gases de-
pends on the surface. Of importance for the surface reactions are the
surface chemical composition, the surface structure and therefore the
crystallographic orientation of the surface [16]. Another important
reaction involved in the formation of TiN from the TiCl4-N2-H2 reaction
gas mixture is the homogeneous reduction of TiCl4 to TiCl3 and TiCl2 in
the gas phase where TiCl3 is believed to be the main Ti growth species.
The reduction reaction TiCl4 → TiCl4-x is favored in the presence of
hydrogen through the formation of HCl instead of Cl2 [17–19]. Fur-
thermore, it was shown in [19] that TiCl4-x does not form in significant
amounts in the absence of H2 at temperatures ≤1000 °C. In the pre-
sence of H2 the onset of TiCl4-x formation occurs at significantly lower
temperatures, ~800 °C [19]. TiN is normally deposited in an excess of
H2, thus enabling fast reduction of TiCl4 to TiCl4-x. However, CVD in a
H2 deficient atmosphere may shift the TiCl4/TiCl3 equilibrium and re-
duce the reactivity of the Ti-precursor.

In this paper the growth mechanism of CVD of TiN on binder phase
candidates Fe and Ni have been investigated. The insights in the growth
mechanism will be used to propose a deposition method for TiN coat-
ings suitable for cutting tool applications where Fe and/or Ni is used as
binder. Thermodynamic calculations were performed to predict and
interpret the experimental results. Co substrates were used as a re-
ference in all experiments. Pure metallic substrates were implemented
in this study, in order to clarify the effect of changing the binder, as in
most previous cases alloys were studied and thus the effect of each
metal is unclear.

2. Material and methods

An Ionbond 530 hot wall CVD reactor was used to deposit TiN layers
on Co, Fe and Ni substrates. The overall chemical reaction for the TiN
formation can be described as:

+ + → +2 TiCl (g) N (g) 4H (g) 2TiN(s) 8HCl(g)4 2 2

The deposition conditions are shown in Table 1. Five depositions
were made with a step wise (25 °C) increase of temperature between
850 and 950 °C. One deposition was performed at 950 °C with a re-
duced H2 partial pressure compared to the other depositions. The

deposition time was adjusted to give the same film thickness for all
depositions.

The Fe substrates were produced by pressing and arc melting Fe
powder (Alfa Aesar, 99.9%). The Fe substrates were ground flat using
SiC paper and polished to a mirror finish using 6, 3 and 1 μm diamond
suspensions as final polish. Polished metallic Co (99.5% and Ni(99.9%)
substrates (10 × 10 × 1 mm) were supplied by MTI Corp.

The phase content of the TiN coatings were analyzed using grazing
incidence X-ray diffraction (GI-XRD) at 1° incidence angle, using a
Philips MRD-XPERT diffractometer. An incident beam X-ray mirror was
used in all measurements. For the coatings deposited on Ni substrates, a
0.27° parallel plate collimator and a 0.04 rad Soller slit were used on
the diffracted side. For the coatings deposited on Fe and Co substrates a
0.18° parallel plate collimator, flat graphite monochromator and
0.04 rad Soller slit were used on the diffracted side.

Polished cross sections of the deposited coatings were produced by
cutting with an alumina high-speed cutter and casting into Bakelite.
The cast samples were ground flat using SiC paper (120−1000) and
then polished using a diamond slurry (6, 3 and 1 μm particle sizes)
followed by a final polish using colloidal SiO2.

A lamella from one of the Ni samples (deposition temperature
950 °C) for investigations by scanning transmission electron microscopy
(STEM) and transmission Kikuchi diffraction (TKD) was produced using
the Focused ion beam (FIB) in-situ lift out technique by an FEI Strata DB
235 instrument [20]. Film morphology, cross section thicknesses, ele-
mental composition and local phase composition of the CVD coatings
were measured using a Zeiss Merlin High-resolution scanning electron
microscope (HR-SEM). Coating growth rates were calculated by di-
viding cross section thickness with deposition time. Elemental compo-
sition was measured using energy dispersive x-ray spectroscopy (EDS)
with an X-Max 80 mm2 silicon drift detector. Local phase composition
was measured by TKD measurements using an Oxford Nordlys EBSD
detector.

A probe corrected Titan Themis operating at 200 keV was used for
the TEM measurements. STEM images were acquired using a high angle
annular dark field detector (HAADF). STEM-EDS analysis was per-
formed using a SuperX – EDS detector.

3. Thermodynamic calculations

To aid the interpretation of the experimental results thermodynamic
calculations were performed. The same experimental parameters as in
the depositions were applied. One set of calculations was made for each
of the substrate metals, the substrate metal was kept in a large excess to
reflect the experimental conditions. To get the highest possible accu-
racy of the calculations all possible condensed and gaseous reaction
products were included. 43 reaction products for CVD on Co substrates,
44 reaction products for CVD on Ni substrates and 51 reaction products
for CVD on Fe substrates were included. For a detailed list of all species,
see Appendix A, Table A1. A free-energy minimization technique was
used, (program Ekvicalc [21]) This method was implemented to predict
the behavior of CVD processes in several studies, thereby confirming
the validity of the method [15,22,23]

4. Results and discussion

4.1. Thermodynamic calculations

The yield of substrate chlorides in the gas phase as a function of

Table 1
Temperature, partial pressures for all gases and deposition time for the TiN depositions.

T (°C) H2 (kPa) N2 (kPa) TiCl4
(kPa)

Ptot(kPa) Deposition time
(h)

850 42.2 16.7 1.1 60 7.5
875 42.2 16.7 1.1 60 5.0
900 42.2 16.7 1.1 60 4.5
925 42.2 16.7 1.1 60 4.5
950 42.2 16.7 1.1 60 2.3
950 (reduced

H2)
7.6 51.3 1.1 60 2.3
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temperature is presented in Fig. 1.The yield of chlorides is an indication
of how inert the substrate is towards the reaction gas mixture. The
higher the yield of chlorides the more severe the corrosion of the sub-
strate will be initially before an intact layer of TiN has formed on the
substrate. Formation of CoClx(g) indicates that some etching of the Co
substrate will take place. However, the calculated partial pressure of
CoClx is low and two orders of magnitude lower than that of FeClx.
Thus, it can be concluded that the Co substrate will be less prone to
etching than Fe. As can be seen, the FeClx(g) has the highest partial
pressure of all the calculated substrate chlorides. The calculations in-
dicate that the yield of Ni chlorides is even less than that of Co chlor-
ides, see Fig. 1. The fact that the formation of gaseous Ni chlorides is so
low suggests that the formation of a previously reported Ni3Ti inter-
phase is not caused by redeposition from the gas phase as suggested by
Konyashin et.al [13]. In the calculations TiN was the only condensed
phase forming.

4.2. Experimental results

The deposition time was varied in order to achieve coatings of equal
thicknesses, the estimations were based on kinetic data from CVD of
TiN on WC-Co substrates. The thicknesses for all deposited coatings are
presented in Table 2. As can be expected, the thicknesses of the TiN
films deposited on Co substrates were close to the expected thickness of
1 μm. However, the coatings deposited on Fe and Ni substrates deviated

significantly. The nature of the deviations will be investigated and
discussed in the following sections.

4.2.1. Co substrates
The TiN films grown on Co substrates have a morphology where

ridge-like grains, needles and stars can be observed for all tempera-
tures, see Fig. 2. A slight increase in the grain size for the layer de-
posited at 950 °C was observed, see Fig. 2e. The morphologies obtained
on Co correspond with morphologies obtained on cemented carbides at
similar temperatures [24]. The cross-section SEM image of the coating
deposited at 875 °C shows a columnar and dense microstructure, see
Fig. 2f. Cross sections at all other temperatures are shown in Appendix
B, Fig. B1. The substrate/coating interface is sharp and without pores,
indicating that the substrate is inert to the reaction gas mixture. This
was also predicted by thermodynamic calculations.

The growth rate and calculated activation energy of the depositions
on Co substrates is presented in Fig. 3a and b respectively. It was
suggested in [25], that reactions controlled by surface kinetics have
activation energies in the range 100–300 kJ/mol. In this investigation
the calculated activation energy on Co was 90 kJ/mol which suggests
that the deposition process is controlled by surface kinetics between
850 and 950 °C under the used conditions.

The GI-XRD diffractograms from CVD of TiN on Co substrates are
shown in Fig. 4. Two phases are present: the Co substrate and the de-
posited TiN. No intermetallic crystalline phases between Co and Ti or
TiClx could be detected by GI-XRD. The peak positions of the TiN and
the peak broadening are not affected by the temperature increase, im-
plying constant compositions and similar grain sizes for all deposited
coatings. The coating deposited at 950 °C was slightly thinner than the
coatings at lower temperatures, 0.8 μm and ~1 μm respectively. The
strong substrate peak observed in Fig. 4 is a result of the thinner coating
at 950 °C.

4.2.2. Fe substrates
Fig. 5 shows the morphology and a cross section of the TiN coatings

grown on Fe substrates. The grain morphology is a mixture of standing
platelets, a small amount of star-shaped grains and areas of small
needle-like grains. Smaller TiN grains were observed close to the sub-
strate grain boundaries, see Fig. 5c, d and e. This indicates that there is
a difference in deposition kinetics on Fe compared to TiN growth on Co
substrates, where a completely different morphology was observed, see
Fig. 2. The reason for this is that Fe is a very reactive substrate which
can act as a reducing agent, forming FeClx(g). This will strongly influ-
ence the initial nucleation and growth of TiN.

The cross-section microstructure of the TiN layer deposited on Fe at
875 °C, depicted in the SEM image in Fig. 5f, shows rounded pits at the
layer-substrate interface. Cross sections at all other deposition tem-
peratures are shown in Appendix C, Fig. C1. Ferrous materials exposed
to chlorides commonly show grain boundary corrosion [26]. The grain
boundary corrosion is visualized in the top view micrographs in
Fig. 5a–e, where the substrate grain boundaries are observed and the
deposited TiN has a smaller grain size. Corrosion can also be seen in
Fig. 5f, where pits are clearly visible at the substrate-coating interface.
The corrosion of the substrate is most likely caused by formation of
FeCl2(g) as suggested by the thermodynamic calculations.

Growth rate measurements of TiN on Fe substrates was complicated
since a homogeneous sharp interface could not be identified, see Fig. 5f.

Fig. 1. Partial pressure of metal chlorides in the gas phase after TiN deposition. FeClx
tot = FeCl2 + Fe2Cl4 + FeCl3 + FeCl + Fe2Cl6. CoClx tot = CoCl2 + CoCl + Co2Cl4
+ CoCl3. NiClx tot = NiCl + NiCl2.

Table 2
Average coating thickness in μm for all deposition temperatures and substrates. *Coating
thickness for Fe and Ni substrates are discussed in more detail in Sections 4.2.2 and 4.2.3
respectively.

Substrate 850 (°C) 875 (°C) 900 (°C) 925 (°C) 950 (°C)

Co 1.20 1.08 1.06 0.93 0.80
Fe* 0.65 0.71 0.45 0.20 0.18
Ni* 15.75 13.65 12.27 12.63 11.42
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Etching of the substrate prior to formation of a fully covering TiN layer
resulted in pits and porosity in the substrate, making total coating
thickness measurements impossible.

The phase content of the coatings deposited on Fe substrates was
investigated by GI-XRD. It was found that TiN successfully deposited on
Fe substrates, as shown in Fig. 6. No traces of any crystalline etching
products, such as iron chlorides were identified by GI-XRD. Further-
more, no traces of chlorides could be found when the coatings were
analyzed by EDS (not shown here). The substrate peaks increased in
intensity as the deposition temperature was increased. This is because
the etching of the substrate is faster at higher temperatures and will
yield a more porous surface. It follows that coatings deposited into the
substrate pores will yield a layer that appears thinner in GI-XRD and so
the substrate peaks will therefore be more intense.

4.2.3. Ni substrates
CVD of TiN on Ni substrates had a morphology that was different

from the coatings deposited on both Fe and Co. The top-view SEM
micrographs in Fig. 7a–d show nodular grains, a morphology not ob-
served before. The cross-section micrograph in Fig. 7f from the

Fig. 2. SEM micrographs of the coatings deposited on Co substrates at 850–950 °C (a–e) respectively. A cross-section micrograph of the 875 °C deposition in f.

Fig. 3. a) Growth rate of TiN on Co substrates. The line is a guide for the eye b) Arrhenius curve, activation energy indicated in the figure.

Fig. 4. GI-XRD diffractograms of the coatings deposited onto Co substrates.
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deposition at 875 °C, which is representative for all coatings on Ni,
shows a non-homogeneous microstructure with a porous region sus-
pected to be the interface between the substrate (dashed line in Fig. 7f)
and the coating.

As can be seen in Fig. 7f, CVD of TiN on Ni did not yield homo-
genous coatings. Rather deposits containing a mixture of two or more
phases having a porous non-homogeneous microstructure with areas of
brighter contrast covered by thin areas having a darker contrast were
observed. Cross sections from the other deposition temperatures, can be
found in Appendix D, Fig. D1. The growth rates, presented in Fig. 8a,
were determined by measurements of the thickness of the mixed phase
area. It is evident from the Arrhenius plot of the growth data, Fig. 8b,
that there are two distinct linear regions with the inclination point at
900 °C. At temperatures below 900 °C the calculated activation energy
is low (Ea = 40 kJ/mol) indicating a reaction limited by mass transport.

The linear region at temperatures higher than 900 °C has a significantly
higher activation energy (Ea = 165 kJ/mol) indicating a kinetically
controlled process.

The phase composition determined by GI- XRD was Ni3Ti and TiN,
see Fig. 9. The presence of Ni3Ti has been observed previously for CVD
of TiN on Ni substrates even at lower temperatures (700 °C) than in this
investigation. Although, it was reported to be pure TiN and TiCl2, which
appears to be a misinterpretation since no traces of TiCl2 could be found
in this study [11].

It is important to note that the growth rate in Fig. 8 represent
growth of both TiN and Ni3Ti. If Ni is involved by diffusion from the
substrate the growth rate of the multi-phase film has a contribution
from two different processes, solid state diffusion and gas phase reac-
tions. The rate limiting process was determined by the Arrhenius de-
pendences. Depending on the temperature this will be observed in the
Arrhenius plot as two regions with different slopes as seen in Fig. 8b.
However, the picture is complicated since the CVD reaction may be
transport-limited at high temperatures.

In order to further investigate the phase content and microstructure,
a TEM lamella was made from the coating deposited on Ni at 950 °C.
The cross-section was analyzed using HAADF-STEM and EDS, see
Fig. 10a–d. The brighter grains consist of a mixture of Ni and Ti as well
as areas of only Ni. N is not present. The darker areas in Fig. 7f and
Fig. 10a are composed of Ti and N, indicating the presence of TiN. The
EDS analysis revealed no traces of Cl, thus indicating that no Cl con-
taining compounds were present in the coating.

The lamella was further analyzed using TKD, Fig. 11a, where it was
established that the darker areas are composed of TiN. Further, the TKD
analysis revealed two additional phases, hexagonal Ni3Ti and cubic Ni.
The results are in agreement with the findings from the EDS analysis
where the darker areas consisted of Ti and N and the brighter areas of
either Ni and Ti or only Ni. The bright contrast at the coating/substrate
interface shown in Fig. 7f, indicates that this area consists solely of
Ni3Ti and metallic Ni. Thus, no TiN formed directly on the substrate.
The metallic Ni found at the top of the coating by TKD and TEM,

Fig. 5. SEM micrographs of the coatings deposited on Fe substrates at 850–950 °C (a–e) respectively. Cross-section micrograph of the 875 °C deposition in f.

Fig. 6. GI-XRD diffractograms of the coatings deposited on Fe substrates.
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Figs. 10 and 11, could be a result of Ni3Ti decomposition with sub-
sequent TiN formation through interactions with N2 in the gas phase
and Ti in Ni3Ti. This suggests that a single-phase TiN coating is difficult
to deposit under the conditions used here, at least until the surface is
fully covered by Ni3Ti.

Since no solid Ni3Ti was expected to form based on the thermo-
dynamic calculations, the observed formation of Ni3Ti must be favored
kinetically over TiN formation. It was suggested that the recombination
rate of N2 on a Ni surface is greater than the dissociation rate [16]. In
such a case, the kinetic barrier of N2 dissociation is even more pro-
nounced on a Ni surface, compared to, for instance, Co. This assumption
is supported by the experimental data where no TiN could be found in
the substrate/coating interface, see Fig. 7f.

The pores found at the metal-deposit interface in Fig. 7f are likely to

be caused by rapid diffusion. Since Ni is found at the surface of the
coating it means that Ni must have diffused from the substrate to the
top of the coating, a distance of about 12 μm in about 2.3 h. If it is
assumed that Ni is diffusing in either a Ti or Ni matrix the diffusion rate
is in agreement with tabulated values [27]. Considering also that no
TiN is formed on top of the Ni substrate, it can be assumed that limited
or negligible diffusion occurs in TiN. Furthermore, the obtained mi-
crostructure is porous, which results in even higher diffusion rates by
grain boundary diffusion. The rate of diffusion can be lowered by a
reduced reaction temperature, thus minimizing the formation of Ni3Ti.
However, a reduced reaction temperature would require a change of N-
precursor from N2 to a more reactive molecule, e.g. NH3 [28–31].

We suggest that the Ni3Ti phase is formed due to a low activity of N2

on the Ni surface and a high activity of TiCl4-x on the same surface. This

Fig. 7. SEM micrographs of the coatings deposited on Ni substrates at 850–950 °C (a-e) respectively. Cross-section micrograph of the 875 °C deposition in f, coating substrate interface
indicated by the red line, below which only metallic Ni was detected. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 8. a) Growth rate of TiN and Ni3Ti on Ni substrates b) Arrhenius curve, two different activation energies indicated by the two dashed lines.
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leads to the conclusion that there are two possible ways to minimize the
formation rate of Ni3Ti: either by reducing the H2 partial pressure, or by
increasing the N2 partial pressure. A reduced H2 partial pressure would
lower the reduction rate of TiCl4 and an increased N2 partial pressure

would increase the probability of surface reaction between dissociated
N species and Ti.

4.2.4. Deposition with reduced H2 partial pressure and increased N2 partial
pressure

TiN was also deposited in an experiment with a reduced H2 partial
pressure/increased N2 partial pressure on a Ni substrate to investigate
the hypothesis in section 4.41. Deposition with reduced H2 partial
pressure resulted in a coating with multimodal grain morphology, see
Fig. 12a. Comparing grain morphologies of depositions using high and
low H2 partial pressures, Figs. 7a–e and 12, shows clear differences.
Deposition with reduced H2 shows both standing platelets (as for Fe
substrates), ridges (as for Co substrates), as well as star-shaped grains
and agglomerates of small needle-shaped grains. The agglomerates are
observed on what is believed to be the substrate grain boundaries, in-
dicating a different growth mechanism or growth of a different phase at
the grain boundaries. The cross-section micrographs in Fig. 12b and c
shows a reduced amount of mixed phase areas compared to the de-
positions at higher partial pressure of H2, see Fig. 7f. The area indicated
in Fig. 12c was further examined by an EDS line scan, see Fig. 12d. The
coating contains mostly Ti and N in the darker areas and mostly Ni in
the brighter areas. The presence of Ni3Ti, Ni and TiN in the coating
deposited with reduced H2 partial pressure was confirmed by GI-XRD,
see Fig. 13.

The lower H2 partial pressure resulted in lowered Ni3Ti formation.
This shows that a reduction of the TiClx sub chlorides, induced by the
low H2 partial pressure, minimizes the Ni3Ti formation. This indicates
that the reduction of TiCl4 is most likely the rate determining step in the
formation of Ni3Ti from TiCl4 and Ni. Furthermore, the increased N2

partial pressure most likely increases the probability of surface reac-
tions between Ti species and N2. Thus, a reduced H2 partial pressure
and an increased N2 partial pressure will reduce the formation rate of
Ni3Ti. In conclusion, a reduced TiCl4 sub-chloride partial pressure and
the increased probability of surface reactions between Ti species and N2

increase the rate of TiN formation on Ni substrates.

5. Conclusions

In the present work the phase content, growth rate, morphology and
microstructure of CVD of TiN from TiCl4, N2 and H2 was investigated on
Fe, Ni and Co substrates. Fe and Ni are candidates to replace Co as a
binder phase in cemented carbides.

Thermodynamic calculations predicted that Ni substrates would be
the most stable substrate towards etching by the reaction gas phase
followed by Co. Fe substrates were predicted to be etched by the re-
action gas mixture through the formation of FeClx(g).

Deposition on Co substrates resulted in dense columnar TiN coatings
and no substrate corrosion was observed, irrespective of the deposition
temperature.

Experimentally CVD of TiN on Fe substrates resulted in single-
phased TiN coatings; however, the substrates were etched by the gas
phase as predicted by thermodynamic calculations. A higher deposition
temperature resulted in a higher degree of substrate etching. If iron will
be used as a binder phase it is therefore recommended to keep the
deposition temperature as low as possible, at least initially in the CVD
process.

Deposition of TiN on Ni substrates proved to be complicated due to

Fig. 10. a) STEM-HAADF micrograph of the lamella from the Ni sample, depicting the top
of the deposited layer, area EDS analysis, area marked with a black rectangle. b–d) EDS
maps of Ni, Ti and N respectively.

Fig. 9. GI-XRD diffractograms of the coatings deposited on Ni substrates.
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the formation of an intermetallic phase - Ni3Ti. TiN was not observed at
the substrate interface. Only when the Ni surface was completely cov-
ered by Ni3Ti did TiN form. Furthermore, metallic Ni was observed at
the top of the coating. This indicates problems during nucleation and
initial growth resulting in poor quality coatings on Ni. The porous de-
posit formed on the Ni substrates is not favorable for cutting applica-
tions, as it will lead to poor coating-substrate adhesion. Furthermore,
the mechanical properties of Ni3Ti are not optimal for use in metal
cutting and the formation of this phase is thus undesirable.

A hypothesis that formation of Ni3Ti could be avoided through
lowered H2 partial pressures and increasing the N2 partial pressure was
tested. While the formation of Ni3Ti was not completely inhibited, it
was reduced significantly. This suggests that a large excess of N2 and a
low H2 partial pressure is required to deposit TiN on a Ni based binder
phase.
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Fig. 11. a) TKD map of the top part of the deposit, red corresponds
to Osbornite(TiN) blue corresponds to metallic Ni and, yellow
corresponds to Ni3Ti, black areas are areas with zero solutions b)
SEM cross-section micrograph of area analyzed using TKD. (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 12. a) Top view micrograph of the coating deposited
on Ni using reduced H2 partial pressure b) cross section
overview of the multi-phase area, c) cross section micro-
graph of the same sample with area for EDS line scan in-
dicated. d) EDS line scan of the area marked in (c).

Fig. 13. GI-XRD diffractograms of the coating deposited on Ni substrates at 950 °C and
the coating deposited at 950 °C with reduced H2 partial pressure.
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Appendix A

Table A1
All substances used in the thermodynamic calculations with respective database reference.

Reference [32] TiH2(s) Reference [33]

H2(g) N2H4(l) Co(l)
N2(g) Reference [34] Co(alpha)
NH3(g) HN3(g) Co(beta)
H(g) Reference [35] Co(g)
NH2(g) N3(g) Co3N(s)
N(g) HN(g) Reference [36]
N2H2(g) FeCl2(g) Fe2N(s)
N2H4(g) FeCl2(l) TiCl4(g)
N3(g) FeCl2(s) TiCl4(s)
Cl(g) Fe2Cl4(g) TiCl4(l)
Cl2(g) Reference [37] FeTi(s)
HCl(g) CoCl2(s) Reference [38]
TiCl(g) CoCl2(l) TiN(s)
TiCl2(g) CoCl2(g) TiN(l)
TiCl3(g) CoCl(g) TiCl4(g)
TiCl3(s) Co2Cl4(g) TiCl4(s)
Ti(g) CoCl3(g) TiCl4(l)
FeCl3(g) Reference [39] NH4Cl(s)
FeCl3(s) TiCl4(g) N2H4(l)
FeCl3(l) Ti2Cl6(g) NiCl2(s)
FeCl(g) Fe4N(s) NiCl2(g)
Fe2Cl6(g) Fe2N(s) Reference [40]
Fe(g) TiCl4(s) Co(l)
Fe(l) TiCl4(l) Co(alpha)
Fe(gamma) FeTi(s) Co(beta)
Fe(alpha) Ni(l) Co(g)
Fe(delta) Ni(alpha) Co3N(s)
TiN(s) Ni(beta)
TiN(l) NiTi(s)
TiCl4(g) NiTi2(s)
TiCl4(s) Ni3Ti(s)
TiCl4(l) NiCl(g)
TiCl2(s) Ni(g)
Ti(beta)
Ti(alpha)
Ti(l)

Fig. B1. SEM cross section micrographs of all coatings deposited on Co substrates 850–950 °C shown in a–e respectively.
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Fig. C1. SEM cross section micrographs of all coatings deposited on Fe substrates 850–950 °C shown in a–e respectively.

Fig. D1. SEM cross section micrographs of all coatings deposited on Ni substrates 850–950 °C shown in a–e respectively.
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