
Contents lists available at ScienceDirect

International Journal of Refractory Metals
& Hard Materials

journal homepage: www.elsevier.com/locate/IJRMHM

Knowledge based coating design of CVD TiN-TiBN-TiB2 architecture

C. Czettl⁎, J. Thurner, U. Schleinkofer
CERATIZIT Austria GmbH, 6600 Reutte, Austria

A R T I C L E I N F O

Keywords:
Chemical vapor deposition
CVD
Titanium machining
TiB2

A B S T R A C T

Chip removal operations for high tech materials like aerospace components or refractory metals need tool
coatings with high wear resistivity. When widely used coatings like PVD TiAlN, CrAlN or CVD TiCN-Al2O3

cannot fulfil the demands properly, special solutions are needed. One possible solution is the use of CVD TiN-
TiB2 coatings which covers high hardness as well as good coating adhesion. Unlikely for CVD processes, this
coating shows residual compressive stress, which protect the cutting edges and increase the toughness of the
tools comparable to PVD systems. The present work shows, how high-resolution characterization techniques
were applied to design an improved coating architecture based on material properties and stress gradient design.
A multilayered system was developed, to optimize the transition of material properties and microstructure from
cemented carbide to the TiB2 layer. The increased process reliability of these tools is validated in milling of
titanium alloys, as needed i.e. for the manufacturing of aerospace components.

1. Introduction

Machining of Titanium and Titanium alloys has a long tradition
within the Ceratizit Group. When Dr. William J. Kroll developed his
Titanium refining process (Kroll process), his laboratories where not
equipped for machining the metal, so he looked for a company pro-
viding this work. Dr. Nicolas Lanners, founder of Cerametal offered
these possibilities and so the first Titanium was machined in 1938 at
Cerametal in Bereldange [1].

Since this time, there was an extensive development in Titanium
alloys as well in the production process. Especially in the aerospace
industry Ti-5553 and Ti-6Al-4 V are common construction materials
with high material removal rates> 90% [2]. While for solid endmills
still uncoated tools are in use, because they are cost effective due to
regrinding operations, indexable inserts are commonly hard coated.
Due to its high hardness as well as reduced adhesion tendency TiB2 is a
suitable coating for machining titanium. The coating can be synthesized
via physical vapor deposition as well as chemical vapor deposition
[3–6]. Both techniques can synthesize coatings with high hardness
around 40 GPa and both can exhibit significant amounts of residual
compressive stresses. Especially for CVD coatings this is uncommon,
because of the higher deposition temperatures, they normally exhibit
residual tensile stresses, like the commonly used CVD TiN-TiCN-Al2O3

or TiN-TiCN architectures [7]. The fine grained microstructure as well
as the deposition temperatures are reported in literature since decades
[8–11], but it is still demanding to avoid boron contamination of the
substrate material as observed e.g. by Pierson and Randich [12],

Holzschuh [13] or Zeman et al. [9] and to ensure well adherent coat-
ings. One approach for this, is the application of a TiN, TiCN or TiC
interlayer [14] to avoid substrate contamination. The aim of this work
is to improve the coating architecture regarding adhesion for an im-
proved reliability, especially in milling operations. Therefore, a graded
TiBN interlayer layer was developed using a knowledge based approach
and high resolution analytics.

2. Experimental

The development was carried out in two stages. In stage one, four
interlayers with varying compositions of TiBN were deposited between
the TiN base layer and the TiB2 functional layer. More details about the
analytical methods to determine chemical composition, microstructure,
hardness and residual stresses were presented elsewhere [15]. The de-
position runs were carried out in an industrial scale thermal CVD unit
using H2, N2, Ar, BCl3 and TiCl4 as precursors using the compositions
given in Table 1. Gas flow and deposition time was adjusted to achieve
approximately 1 μm coating thickness for each individual layer.

In stage two, the optimum composition and architecture based on
the analytical results was selected, comparable to the reports of Zalesak
et al. [16] for CVD TiAlN. The coating thickness was adapted to the
cutting application with coating thickness of TiN, TiBN interlayers and
TiB2 layer of 0.7 μm, 0.8 μm in total and 3.2 μm, respectively. The used
feed gas compositions are given in Table 2.

Total coating thickness and coating architecture was investigated by
light optical microscopy (LOM). For analytics samples in SNUN 120312
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geometry and WC-6-wt%Co carbides with 2 wt% mixed carbides were
used. The coating adhesion was verified using a calo test and 3 μm
diamond polish. The chemical composition of the coatings was de-
termined using glow discharge optical emission spectroscopy (GDOES).
X-ray diffraction was conducted using a Bruker D8 Advance in locked-
coupled mode using Cu-Kα-Radiation in parallel beam optics, 0,02° step
size and 1.2 seconds counting-time from 20° to 80°. The residual
stresses were determined using XRD sin2psi method using a Young's
modulus of 565 GPa and Poisson ratio 0.108 (Journal of research of
NIST vol. 105 n°5 2000). Cutting inserts in RPHX 1204M4EN-M31
geometry and WC-10-wt%Co were used for performance verification.
Milling tests were conducted on Ti 555.3 in wet condition using
A251.50R.05-12-RS and A251.63R.06-12-RS tools. The worn inserts
were investigated using a Keyence VHX-5000 digital microscope.

3. Results and discussion

3.1. Stage one

The LOM cross section and chemical composition of the coating
using the gas compositions given in Table 1 is shown in Fig. 1. The
coating Thickness of TiN and TiB2 layer was 1.2 μm and so slightly
thicker than the four TiBN layers with increasing boron content, where
approximately 1 μm thickness for each layer was determined. While the
TiN layer shows quite coarse grains, the grain size decreases with in-
creasing boron contend until the TiB2 layer showed a fine grained
structure.

The microstructural investigations by Tkadletz et al. [15] using
synchrotron cross section technique [17] shown in Fig. 2. revealed a
single phased fcc region at lower boron contents, a dual phase regime at
moderate and high boron contents as well as a single phase TiB2

structure. This is different to earlier reports on the TiBN system by
Holzschuh [13,18] who found TiBN only in a dual phase structure for

≥ 5 at.-% boron in the coating.
It turned out that the dual phase regime, showing a very fine

grained structure, which decreases wear resistivity and coating adhe-
sion. Therefore the optimized coating in stage two was limited to a
maximum boron content in the coating of 15 at.-% to achieve a single
phased TiBN structure. More details and corresponding material prop-
erties were explained by Tkadletz et al. [15].

3.2. Stage two – improved coating architecture

The coating architecture deposited in stage 2 for the cutting tests is
shown in Fig. 3. On a 0.7 μm TiN base layer, the sequence of TiBN
interlayers with increasing boron content and 0.8 μm total coating
thickness was deposited, followed by a 3.2 μm TiB2 layer.

In Fig. 4 the coating adhesion of a reference coating without TiNB
interlayer and the improved interlayer is compared. It can be seen
clearly that the transition from TiN base layer to the TiB2 layer using
the TiBN interlayer shows nearly perfect adhesion.

The residual stress of the TiB2 layer determined using XRD sin2psi
method was −2026 ± 130 MPa. The XRD pattern of the coating il-
lustrated in Fig. 5 shows a very fine grained single phased TiB2 struc-
ture and a dominant (101) peak. The minor not indexed peaks source
from the cubic carbides in the substrate material.

3.3. Stage two – validation in cutting operation

The first milling test in Ti 555.3 was conducted using a A251.50
R.05–12-RS carrying 5 inserts and cutting speed, vc of 30 m/min, feed
per tooth fz of 0.3 mm and depth of cut 3 mm. The engagement ae
varied up to 100%. Fig. 6 shows the wear pattern on the inserts and a
very homogenous wear of all used cutting edges. A maximum lifetime
of 30 min could be achieved.

Table 1
Deposition parameters for the TiN baselayer, TiBN interlayers 1 to 4 and TiB2 layer for
stage 1.

H2 [%] Ar [%] N2 [%] BCl3 [%] TiCl4 [%] T [°C] P [mbar]

TiN Balance 44 0 2 920 900
TiNB #1 Balance 44 0,13 1,27 880 900
TiNB #2 Balance 44 0,26 1,27 880 900
TiNB #3 Balance 44 0,52 1,26 880 900
TiNB #4 Balance 44 1,04 1,26 880 900
TiB2 Balance 80 1,62 0,80 860 900

Table 2
Deposition parameters for the TiN baselayer, TiBN interlayers 1 to 4 and TiB2 layer for
stage 2.

H2 [%] Ar [%] N2 [%] BCl3 [%] TiCl4 [%] T [°C] P [mbar]

TiN Balance – 44 0 2 920 900
TiNB #1 Balance – 44 0,08 1,27 880 900
TiNB #2 Balance – 44 0,13 1,27 880 900
TiNB #3 Balance – 44 0,17 1,27 880 900
TiNB #4 Balance – 44 0,21 1,27 880 900
TiB2 Balance 80 – 1,62 0,80 860 900

Fig. 1. Light optical microscopic cross-section of the TiN-TiBN-TiB2 coating architecture
(a) and corresponding GDOES element depth profile (b).
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