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Multilayer Ti(B-N) layers have been sandwiched between a TiN coating on treated AISI H11 steel and an outermost TiB,
coating. The films were deposited with plasma-assisted chemical vapour deposition (PACVD) and have been characterized
using electron spectroscopy techniques. The thickness of the total coating is 1.6 um and comprised 21 layers. Earlier studies of
such coatings using X-ray diffraction (XRD), energy dispersive spectroscopy (EDS), and wavelength dispersive spectroscopy
(WDS) suffer from their relatively large analysis depths. In this work, Field-emission Auger electron spectroscopy (FE-AES)
was used to examine the composition of the multilayered films since it has a smaller analysis depth. AES line-scans across
cross-sectioned samples and AES depth profiling were used and are shown to be well suited for characterizing these
multilayered coatings. These results are compared with combined Field-emission scanning electron microscopy (FE-SEM) and
wavelength dispersive spectroscopy (WDS) measurements of the cross-sectioned samples.

Key words: plasma-assisted chemical vapour deposition (PACVD), hard TiN/Ti(B-N) coating, AISI H11 tool steel, Auger
electron spectroscopy (AES), Field-emission SEM, wavelength-dispersive spectroscopy (WDS)

Vecplastne Ti(B-N) plasti so vrinjene med TiN prevleko jekla AISI H11 in zunanjo TiB, plast. Plasti so bile nanesene po
postopku kemijske parne faze ob pomoci plazme (PACVD), raziskali smo jih z razli¢nimi tehnikami osnovanimi na elektronski
spektroskopiji. Debelina celotne prevleke iz 21 plasti je 1.6 um. PrejSnje raziskave tovrstnih prevlek z rentgensko difrakcijo
(XRD), energijsko disperzijsko spektroskopijo (EDS), valovno disperzijsko spektroskopijo (WDS) niso dovolj natan¢ne zaradi
relativno velike analizne globine. V ¢lanku predstavljamo uporabo Augerjeve elektronske spektroskopije s FEG izvorom
elektronov (FE-AES) za raziskavo sestave posameznih plasti v ve¢plastni prevleki. AES linijska analiza preko preseka vzorca in
AES globinski profil se je pokazala za zelo primerno za karakterizacijo tovrstnih vecplastnih prevlek. Rezultate smo primerjali z
meritvami z vrsti¢no elektronsko mikroskopijo s FEG izvorom elektronov (FE-SEM) in valovno disperzijsko spektroskopijo
(WDS) na pre¢no prerezanih vzorcih

Kljucne besede: s plazmo podprt nanos preko kemijske parne faze (PACVD), trde TiN/Ti(B-N) prevleke, AISI H11 orodno
jeklo, Augerjeva elektronska spektroskopija (AES) vrsti¢no elektronska mikroskopija s FEG izvorom elektronov (FE-SEM),
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valovno disperzijska spektroskopija (WDS)

1 INTRODUCTION

Hard thin films, such as Ti(B-N), are well known for
providing surfaces with a high hardness, and good
corrosion and wear resistance, giving them a wide range
of industrial applications '“!*. Duplex treatments con-
sisting of plasma nitriding the steel surface first and then
using plasma-assisted chemical vapour deposition
(PACVD) to deposit the hard coating has proven
successful in improving the wear, fatigue and corrosion
resistance, as well as the load-carrying capability, of
steel substrates 2!, The increasing industrial demand
for improved hard coatings with tailored properties for
die casting and forging tools requires the development of
multi-element and/or multi-phase hard films, as well as a
better understanding of their composition.
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Most of the published studies of Ti(B-N) film com-
positions use scanning electron microscopy (SEM),
wavelength-dispersive electron-probe microanalysis
(EPMA) 781012° Rutherford backscattering spectroscopy
(RBS) °, Bragg-Brentano X-ray diffraction (XRD)
247891012 gand in some cases transmission electron
microscopy (TEM) #¢. These techniques suffer from
their relatively large analysis depths or lack of depth re-
solution. In this investigation we have studied PACVD-
deposited thin films using Auger electron spectroscopy,
which is better suited for Ti(B-N) multilayer characte-
rization We demonstrate that a combination of tech-
niques such as AES depth profiling and FE-SEM give a
better insight into the chemistry and structure of
multilayered Ti(B-N) thin films. WDS measurements
were made on the same multilayered structure for com-
parison.
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2 EXPERIMENTAL
2.1 Deposition of the multilayered coating

The base material used for the substrate was AISI
H11 tool steel with the chemical composition (all in mas
%): Fe, 0.39 C, 0.34 Mn, 1.07 Si, 4.93 Cr, 1.26 Mo, 0.35
V, 0.011 Ti, 0.013 P and 0.0004 S. The samples were
vacuum heat treated with the same procedure used for
forging dies and then plasma nitrided in a Metaplas
Ionon HZIW system. The conventional and plasma
heating to the working temperature took 3 hours and the
nitriding lasted for 24 hours. After nitriding, the samples
were polished and sputter cleaned before the multi-
layered PACVD films were deposited.

The PACVD deposition on the prepared steel was
carried out using the standard TiN/Ti(B-N) process
developed by Riibig GMBH 22 in a bipolar-pulsed glow
discharge at a constant temperature of 530 °C, a pressure
of 200 Pa and a bias voltage of =500 V. The deposition
process was as follows: 1 hour of TiN, 8 hours of alter-
nating low and high boron-content Ti(B-N) multilayers
with the high boron content continuously increasing and,
finally, 1 hour of TiB,. The TiN films were grown using
N, and TiCls, Ar and H, gasses, and for the Ti(B-N)
layers, BCl; was also added to the deposition chamber.
The purity of all the gasses used was 99.9%. The coating
had a total of 19 alternating Ti(B-N) layers between TiN
and TiB, resulting in a total layer thickness of 1.6 pm.
The multilayer arrangement started with a TiN layer on
the steel sample, and finished with a TiB, layer as the
surface layer. The boron-containing coating was chosen
due to its small grain size, typically 5-7 nm, resulting in
an increased resistance to plastic deformation and
abrasion when compared to TiN 162021,

2.2 AES line scan and AES depth-profile analysis

The AES instrument used was a Thermo Scientific
VG Microlab 310-F composed of two ultra-high-vacuum
chambers, one for sample insertion and one for the
analysis. The electron gun has a thermally assisted
Schottky field-emission source that provides a stable
electron beam in the range of 0.5 to 25 keV. The electron
energy analyzer is of the double-focusing spherical
sector type with an electrostatic input lens and can
provide an energy resolution of between 0.02% and 2%.
The spectrometer has five electron detectors and spectra
were acquired with a constant retard ratio (CRR) of 4,
which provides an energy resolution that is 0.5% of the
pass energy. For the cross-section studies, samples were
cross-sectioned using a JEOL Cross Section Polisher,
Model SM-09010, and analyzed using an AES linescan
at 10 keV beam energy. AES depth profiles of the hard
coatings were also measured with a 10 keV electron
beam and the sample was sputtered with a 1.2 nA current
of Ar ions at 3 keV. The AES data were acquired using
Eclipse V2.1 verO7 software and processed using
CasaXPS software.
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2.3 WDS analysis

A metallographic cross-section of the multilayered
TiN/Ti(B-N)/TiB, sample was prepared using a classic
metallographic procedure with a Gatan PECS 682 ion
polisher.

Secondary-electron images and back-scattered
electron images were obtained with a JEOL JSM 6500F
FE-SEM, with a working distance of 7.1 mm, an accele-
rating voltage of 8 kV and a beam current of 0.08 nA. By
reducing the accelerating voltage to 8 kV, the area of the
emitted backscattered electrons was reduced to a level
that enabled the separate layers to be imaged. The WDS
line scans were obtained in the FE-SEM using the
following standards: pure boron for boron analysis,
stoichiometric TiN for nitrogen analysis and pure
titanium for titanium analysis. The TiN standard was
made with thin film deposition, using a Balzers Plasma
Sputron; the TiN stoichiometry was confirmed by XRD
15, The WDS analysis was performed at 5 kV and 10 kV
accelerating voltages at currents of 5.0 nA and 9.2 nA,
respectively, using an Oxford Instruments INCA WAVE
700.

3 RESULTS AND DISCUSSION
3.1 AES line-scan analysis

Figure 1(a) shows an SEM image of the cross-
sectioned, multilayered TiN/Ti(B-N)/TiB, hard coating,
together with the position where the AES line-scan was
made across the sample. Figure 1(b) shows the elemen-
tal concentrations determined from the AES line scan.
The N Auger peak overlaps a Ti Auger peak at 420 eV
and the N concentration was calculated by comparing the
overlapping peak with the 420 eV Ti Auger peak and
applying the following relationships:

L5 =0, S +acT,STi385 (D
Iy = x.. S 11420 (2)
giving
v St Lass _ Stisss (3)
cr Snass Lo S

where I3g5 and l40 are the peak-to-peak intensities of
the overlapping Ti and N peaks at approximately 385
eV and the Ti peak at 420 eV respectively, the S are
sensitivity factors for N and Ti peaks at the indicated
energies, and the ¢ are the indicated N and Ti concen-
trations. The combined N and Ti profile were calculated
first, then decoupled using the Ti profile from the Ti
peak at 420 eV. Note that B decreases while the N
increases with distance from the surface, although the
undulations of eight of the boron-depleted regions and
eight of the boron-rich regions can be seen in the Auger
linescan. There also appears to be a relatively flat region
in N concentration near the interface with the steel
substrate (corresponding to the TiN layer).
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Figure 1: (a) SEM image of the cross sectioned TiN/Ti(B-N)/TiB,/
steel sample showing the region where the AES linescan was made.
The scale marker is 600 nm long; (b) concentrations of Ti, N, B and
Fe calculated from the AES linescan made along the line shown in
part (a)
Slika 1: (a) SEM posnetek preseka vzorca TiN/Ti(B-N)/TiBy/jeklo,
prikazuje podrocje AES linijske analize. Merilna skala je 600 nm; (b)
koncentracija Ti, N, B in Fe izracunana iz AES linijske analize vzdolz
linije prikazane v delu (a)

3.2 AES depth profiling

The Auger sputter depth profile is shown in Figure
2. The Auger spectra were processed using equation (3),
as was done for the Auger linescans. The TiB, layer can
be seen at the first part of the depth profile. The nine
boron-depleted and nine boron-rich regions can be seen
in the sputter depth profile, and these are much better
resolved than the corresponding regions in the Auger
linescan shown in Figure 1(b). Further, not all 18
alternating layers were resolved in the Auger linescan.
The close agreement with the boron concentration
behaviour in the Auger line scan and the Auger sputter
depth profile indicates the absence of preferential
sputtering in the depth profile.
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Figure 2: AES sputter depth profile of the TiB,/Ti(N-B)/TiN
multilayered hard coating showing an approximate 15 nm depth
resolution

Slika 2: AES globinski profil TiB,/Ti(N-B)/TiN vecéplastne trde
prevleke prikazuje priblizno 15 nm globinsko lo¢ljivost

Figure 3: (a) Backscattered electron image (BEI) of the nanostructure
of a multilayered coated sample in cross-section, (b) BEI of the same
sample showing the region where the WDS line scans were performed
Slika 3: (a) BEI posnetek nanostrukturirane vecplastne prevleke vzor-
ca v preseku, (b) BEI posnetek istega vzorca, ki prikazuje podrocje
WDS analize
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3.3 WDS analysis

WDS measurements of the TiN/Ti(B-N)/TiB, multi-
layer were made for comparison. Figure 3(a) shows a
backscattered electron image (BEI) of the nanostructure
of a multilayered coated sample in cross-section,
allowing to see the whole multilayer structure quite
clearly. The first layer of the coating is TiN, and its
growth seems to be columnar. Above this layer the multi-
layer structure of the Ti(B-N) layers are distinguished
and finishes with the thicker TiB, layer on top. The
light-grey regions represent TiN and boron-depleted
Ti(B-N) layers, which have a higher average atomic
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Figure 4: WDS line scans across the multilayer structure, (a) accele-
rating voltage of the primary electron beam 10 kV, (b) accelerating
voltage of the primary beam 5 kV. The multilayered nature of the
coating can be best observed from the boron linescan at 5 kV. The Ti
Ka linescan is only present at 10 kV since 5 kV is to low for Ti Ka
excitation.

Slika 4: WDS linijska analiza preko vecplastne structure, (a) pospe-
Sevalna napetost primarnega elektronskega snopa 10 kV, (b) pospe-
Sevalna napetost primarnega elektronskega snopa 5kV. Vecplastna
struktura je najbolje vidna iz linijske analize bora pri 5 kV. Ti Ka
linijska analiza je prisotna samo pri 10 kV, ker je 5kV premalo za
vzbujanje Ti Ka.
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Figure 5: Cumulative depth profiles obtained with calculating the
average concentrations between the surface and a given depth from
the Auger depth profiles in Figure 2. They demonstrate that the
average coating composition is heavily dependent on the analysis
depth.

Slika 5: Zbirni globinski profil dobljen z izra¢unom popre¢nih kon-
centracij med povr§ino in dano globino iz Augerjevega globinskega
profila na Sliki 2. prikazujejo je mo¢no odvisnost poprecne sestave
plasti od analizne globine.

number, and the dark-grey regions represent the
boron-rich Ti(B-N) and TiB, layers, which have a lower
average atomic number. The thickness of each layer was
estimated to be 65 — 70 nm, except for first TiN and last
TiB, layers which were each estimated to be approxi-
mately 150 nm thick.

Microchemical WDS line analyses were performed to
determine the elemental distribution across the multi-
layer structure. The region where such an analysis was
made is shown in Figure 3(b). At a 10 kV accelerating
voltage the B, N and Ti K, x-ray lines are detected and
measured. The Fe analysis was performed by EDS using
L, emission. For these conditions, the analyzed volume
is of the order of 0.5 pm?. By decreasing the accelerating
voltage to 5 kV the analyzed volume is reduced to 0.008
um?3. The line analysis performed at the higher accele-
rating voltage shows the boron, nitrogen and titanium
distribution, Figure 4(a). As expected, the boron con-
centration is highest at the top layers, and then it
decreases to the multilayer-steel interface. The opposite
is true for the nitrogen and titanium distributions. Using
the lower accelerating voltage of 5 kV, it is possible to
see an indication of a multilayer structure with observing
the elemental distribution of boron, Figure 4(b). How-
ever, the relatively large analysis depth compared to
AES severely limited the observation of the layered
structure in the coating using WDS. Due to the spatial
resolution requirements of this analysis, the low intensity
Fe L, was used as it could be excited at 10 and 5 kV.
This prompted the use of EDS instead of WDS for the Fe
analysis. However, the inferior signal-to-noise ratio in
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Figure 6: [c(N)+c(B)]/c(Ti) and c¢(N)/c(B) ratios through the thin film

coating, as derived from the AES depth profile shown in Figure 2.

Close to the surface the stoichiometry corresponds to TiB,, although it
is close to TiN near the coating-substrate interface.

Slika 6: [c(N)+c(B)]/c(Ti) in ¢(N)/c(B) razmerja skozi tanko plast
prevleke, izpeljan iz AES globinskega profila na sliki 2. V blizini
povrsine se stehiometrija ujema z TiB; Ceprav je blizu TiN na mejni
povrsini prevleka-substrat.

EDS means that some of the noise throughout the layers
is mistaken for Fe L.

WDS and/or EDS analytical methods are often used
to determine the chemical composition of hard coatings
e.g., 1%, and even in cases where the thickness of the layer
is not large compared to the analysis depth an attempt is
made to adjust for it by the proper choice of primary
beam energy '°. However, in the case of the multilayer
coatings produced in this study, the average composition
measured by a non-surface-sensitive technique would
look somewhat like that shown in Figure 5. The average
composition would be extremely dependent on the
analysis depth and for small analysis depths even on the
surface contamination.

It is also instructive to present depth profiling results
in the form of total non-metal/titanium, and nitrogen/
boron atomic ratios, as shown in Figure 6 that shows
that close to the surface the composition of the coating
corresponds to TiB,, while it approaches TiN near the
coating-substrate interface. In the intermediate area, a
strong variation of the B/N ratio in the Ti(B-N) layers
can be clearly observed. All of this agrees with the
sample manufacturing procedure, as summarized in
section 2.1. The [¢(N)+c(B)]/c(Ti) in the Ti(B-N) layers
stays mostly below 1.5, which suggests that they may
have a cubic structure up until hep TiB,, since TiNj is
cubic for x<1.5 13,

4 CONCLUSION

We have shown that for studies of multilayer
TiN/Ti(B-N)/TiB, hard coatings, Auger linescans and
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Auger sputter depth profiling are better suited to deter-
mine their composition than WDS. WDS suffers from its
large analysis volume. Also, Auger sputter depth pro-
filing is superior to Auger linescans for characterizing
such films.
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