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SARAYUT TUNMEE : CORROSION RESISTANCE OF AISI H13
HOT-WORKED TOOL STEEL SURFACE-COATED BY PHYSICAL
VAPOUR DEPOSITION. THESIS ADVISOR :

ASST. PROF. PORNWASA WONGPANYA, Ph.D., 102 PP.

CORROSION/CHROMIUM NITRIDE FILM/SUBSTRATE ROUGHNESS/PVD

A thin film of the CrN with a thickness of 914 nm was deposited on the
surface of AISI H13 tool steel prepared under alteration of surface roughness by the
physical vapor deposition sputtering technique. The crystallographic structure and
average grain size of the CrN film were then characterized using X-ray diffraction
(XRD) and atomic force microscopy (AFM). Moreover, the corrosion behavior of the
uncoated and CrN coated H13 tool steel was studied in air-saturated 3.5 wt.% NaCl
solution with pH 2, 7 and 10 at 27°C by the electrochemical technique. The corroded
areas were evaluated using the scanning electron microscopy (SEM) and the
synchrotron X-ray photoemission electron spectroscopy (X-PEEM). The results
revealed that the uncoated samples showed a higher corrosion rate than the coated
samples. The highest stability of the samples against corrosion is approached by a
decrease of surface roughness prior to coating. Furthermore, the corrosion type of the
uncoated samples is general corrosion at all pHs and the corrosion type of CrN coated

H13 steel is localized corrosion.
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Abstract

Specimens of hot-work tool steel (AIST H13) were coated with CiN thin films using sputtering
technique. The sputter coating films were investigated using Scanning Electron Microscopy (SEM),
and synchrotron X-ray Photoelectron Spectroscopy (XPS). The thicknesses of the films have been
found to be nearly the same at around 914 nm. From the surface analysis, detected photoelectrons were
identified to be from Cr. N. O and C atoms. In addition. corrosion behaviors of uncoated and CrN-
coated on AISI HI3 tool steels in 3.5 wt % NaCl solutions at 27°C were investigated by
electrochemical technique at the pH of 2, 7 and 10. The results revealed that the uncoated specimens
showed higher corrosion rate in terms of millimeter per vear than the coated specimens at pH 2. 7 and
10. Furthermore, it was found that surface roughness prior to the coating strongly affected the
deposition of the CrN films: a smoother substrate surface vields better corrosion resistance.

Keywords: Electrochemical technique, Sputtering. Synchrotron XPS. Tool steel, X-PEEM

Introduction

Mold (AISI H13 tool steel) is one of the most
important instruments for hot workings of engineering
parts. Apart from the designs of the molds, the
selection of materials such as steels which possess
good corrosion resistance and durability is also very
important. During the production. molds may
encounter oxidization as well as surface corrosion,
reducing the life times. The problem can be solved
with surface improvement of the mold materials by
physical vapor deposition (PVD) such as sputtering
technique which are clean and safe have been applied.
The research is focused on the improvement of
corrosion resistance of HI13 tool steel which is the
most popular material for mold fabrication in
Thailand. The improvement of molds corrosion
resistance by PVD sputtering is also studied. Hard
coatings based on transition metal nitrides or carbides
have been successfully used for materials protection
and particularly to improve cutting tools life since
almost 30 years [1]. In the present paper. X-ray
Photoelectron spectroscopy (XPS) have been used to
study the surface and cross-section composition of the
multilayer, perform the phase analysis in the coatings.
Moreover, corrosion behavior of uncoated and CrN
coated on H13 tool steel was also studied in 3.5 %wt
NaCl solution with various pHs by electrochemical
technique. After the electrochemical testing, corrosion
products have been analyzed by XPS and SEM.

325

Materials and Methods

Sample preparation

The hot-work tool steel (H13) was selected to be
a substrate in this study. The chemical composition of
tool steel is shown in Table 1. The samples of H13
with the dimension of 10 x10 x2 mum were cut. heat-
treated and surface-prepared before surface coating.
Firstly, the samples were heat-treated in a vacuum
furnace at 1025°C for 30 minutes and oil-quenched.
After heat treatment has been applied; the hardness of
the samples is around 53 HRC which is in the
standard value of this material. Then, the samples
were polished by the silicon carbide paper with
various grit numbers such as 180. 600 and 1200 for
removing all coarse scratches and for preparing
surface roughness of the substrate. The samples were
then cleaned in an ultrasonic bath for § minutes. In
addition, a profile-meter (Veeco) model was used to
measure surface roughness (Ra, pm) of the specimens
before and after coating. Finally, the PVD sputtering
technique was used to coat their surfaces with
chromium nitride (CrN) and the coating conditions
were shown in Table 2.

Table 1: Chemical composition of H13 tool steel

Elements | C Mo | Cr v Si Fe

Wt.% 042 | 1.12 | 540|081 | 048 | Bal
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Table 2: Coating conditions

Amount of N, 6 scem
Amount of Ar 9 scem
Bas pressure 5.0 x 10™ mbar
Working pressure 3.5x 107 mbar

Current (I) 800 mA

Voltage (V) 456 V

Deposition time 45 min

Thickness 0.914 pm
Methods

Characterization of the CtN coated samples were
performed before and after the electrochemical testing
by using scanning electron microscopy (SEM). For
XPS, the surface are detected photoelectrons were
identified to be from Cr. N. O and C atoms. The
photon energy using for this work was 600 eV
(Synchrotron light source). Furthermore, corrosion
behaviors of bare sample and CrN coated on H13 tool
steels n 3.5 wt % NaCl solutions at 27°C were
investigated by electrochemical technique at the pH of
2.7 and 10. The scan rate selected was 1.0 mV/s. A
saturated silver chloride electrode (Ag/AgCl) was
employed as the reference electrode and graphite was
used as the counter electrode. Finally, the corrosion
rates were calculated from polarization curve
according to the Faraday’s law.

Results and Discussion

XPS analysis

The chemical composition of the coating has
been investigated by XPS technique. Table 3 shows
preliminary results obtained from XPS measurements
of a PVD CrN sample. XPS is a surface sensitive
technique  for  characterization of  chemical
composition of the thin film. From the measurements.
detected photoelectrons were identified to be from Cr,
N. O and C atoms. The binding energy of Cr 2p;s.
O 1s. N 1s and C 1s were 578.2 eV, 548.0 eV, 393.8
eV and 279.8 eV, respectively [2]. The peak areas for
Cr 2p3pn. N 1s. O 1s and C Ls are given in Table 3. Tt
indicates that CrN compound was formed during PVD
process. It is likely that the compound may contain
certain amount of O and C atoms since the deposition
took place in the system with base pressure of 107
mbar. However, the unrealistic ratio of the identified
may be from surface contaminations. Thus, further
investigations are necessary to distinguish the
composition of the deposited film and surface
contaminations.

Table 3: Data XPS of CrN coated on H13

% of Area under peaks

Samples
Cr2p;, Ols Nl1s  Cls
C1N coated 70.95 10.53 434  14.18
Sputtering 85.70 6.00 578 251
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Heating 86.09 6.79 4.81 2.32
Sputtering 87.97 4,52 6.81 0.70
Crlp,,
Cls Nls 01s

S ——
Sputtering 40 min

Heating 20 min

S—— e, A
Sputtering 40 min
A
CrN coated L |
r T T T T 1
100 200 300 400 500 600

Binding Energy (eV)

Figure 1 XPS spectrum of CrN coated (Cr 2p3p. N 1s,
Clsand O 1s).

Figure 1 Shows the example of elements
performed on CiN coated samples. (At No.1200)
There are Cr 2p;». N 1s, C Ls and O 1s. Mostly, the
high amount of C and O, detected in all the coatings.
is attributed to the surface contamination. However, it
is practically impossible to discern these two
contributions only from the analysis of C ls spectra
[1]. In addition. the high roughness of the samples
obstructs the complete removal of the environmental
contamination. As a result, some traces of those
elements still present even though ion sputtering had
been done for a long time [3]. The cross-section of
sample coated with CrN is shown in Figure 2. The
thickness of the CrN is about 900 nm. It is evident
that the CrN coating is quite denser than the substrate
(H13). Therefore. corrosive environments are not easy
to adsorb and to attack the CrN coating. [4]. However.
some defects, i.e. hole, appear on the CrN coating as
shown at (a) and (b) regions in Figure 2. Almost
structures of coating are mainly columnar erystal and
some equiaxed crystal at interface region. Those
structures indicate that the CrN coating is a very good
thin film. In addition to the described data. the
experiment to test whether carbon and oxygen were
either found as contamination during PVD sputtering
or from the air was also performed. When the
specimen was heated to 600°C. the CrN film was
found to react with hydrocarbon compound which can
be observed as C peak. suggesting that the generation
of C was derived from the contaminated air. When
Ar’ sputtering was performed. the amount of C was
found to decrease whereas N peak increased as shown
in the Figure 1. The latter suggests that C on the
surface was sputtered out. Oxygen is the highly
reactive element, therefore, it was found on the
surface of the CrN film.
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Figure 2 Cross-section of CrN coating on H13 tool
steel at 20000X

Corrosion analysis

Figure 3 shows polarization curves of bare H13
and CiN coated on H13 in air-saturated 3.5 wit% NaCl
solutions at pH 2. pH 7 and pH 10 at 27°C. The
polarization curves have been scanned in potential
range from -900 to 300 mV and in current density
range from 1x107 to 1x10™ A/em? with a scan rate of
1.0 mV/s. Tt is obvious that corrosion behavior.
representing by the polarization curve. of bare H13
and CrN coated on H13 are different in various pHs
of 3.5wt% NaCl solution. This means that corrosion
behaviour of such samples is dependent on corrosive
environments such as type of ions and their
concentration.

At pH 2. corrosion potential (E_,,,) of all samples
are nearly the same at around -500 mV, even though
the CrN had been coated on the surface of H13 steel.
This means that CrN improved corrosion resistance of
H13 steel slightly at pH 2. At pH 7. corrosion
potential of CrN coated samples are drastically
changed from -3580 mV to -250 mV: while corrosion
potential of bare samples still remain around -580
mV. Moreover. the CrN coated on HI3 with the
finest surface roughness, polishing by carbide paper
up to 1200, shows passive behaviour. This means that
C1N can be used to enhance corrosion resistance of
H13 steel in particular for corrosive environment
having pH 7. At pH 10. corrosion potential of CrN
coated samples are moderately higher than that of
bare samples.

Corrosion rate in terms of millimeter per year
(mm/year) with alteration of surface roughness is
plotted as shown in Figure 4. It is evident that surface
roughness of substrate prior CrN coating significantly
affects on corrosion of H13. The samples with the
highest surface roughness (No. 180) show higher
corrosion rate than that of the medium (No. 600) and
finest (No. 1200) surface roughness. respectively. for
all pHs. This is due to the fact that Cr and N atoms are
not able to homogeneously deposit on the rough
surface of samples. This results in variable potential
found on the surface which leads to severe corrosion
at some positions on the specimen [5]. And. the
corrosion at such positions is well known as pitting
corrosion. The pitting corrosion found in this study in
accordance with the sample having rough surface is
evidenced in Figure 5 (b). On the other hand.
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homogeneous deposition of Cr and N atoms were
found on smooth surface, resulting in homogeneous
but less severe corrosion being found on the smooth
surface. Therefore, corrosion rate of smooth surface is
less than that of rough surface. This can be observed
in Figure 5 (d) and (f). And. it is so called general
corrosion.

200

Bare H13_No. 180
Bare H13_No 600
| — Bare H13_No.1200
— CiN coated on H13_No.180
— CiN coated on H13_No.600
— CiN coated on H13_No.1200
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Figure 3 Polarization curves of bare HI13 and CrN
coated on H13 in air-saturated 3.5 wt% NaCl solution
atpH 2, pH 7 and pH 10 at 27°C

The reason why at different pHs the corrosion
rate of all samples are altered. This is due to the fact
that at various pHs., there are different ions and
contents to attack the surface of samples. For mstance,
at pH 7. 3.5%wt NaCl solution is composed to be Na~
and CI” during electrochemical analysis. The main ion
attacks the surface of samples is CI'. In case of pH 2,
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pH of 3.5% wt NaCl solution was adjusted using 37
wt% HCI acid, resulting addition of CI" and H” in
solution. Then. H™ and CI penetrated and attacked the
surface of samples [6]. Moreover, some part of H'
combined with e to yield hydrogen gas (H,). which is
able to destroy the film layer causing CiN films to
become cracked. subsequently aggressive ions. i.e. CI°
and H'. penetrate and attack the samples. At pH 10.
the pH of 3.5% wt NaCl solution was adjusted using
10wt% NaOH solution. resulting additional of OH"
and Na™ in solution. According to the Pourbaix
diagram of iron [7]. steels are generally formed
passive film at pH of more than 7. As a result,
corrosion resistance at pH 10 is better than at pH 2.
However. further study has been performed in order to
evaluate effects of OH and Na  on corrosion
behaviour of bare H13 and CiN coated on surface of
H13.

OBare H13 tested at pH 2
B Bare H13 tested at pH 7
OBare H13 tested at pH 10

124 [CICrN coated on H13 tested at pH 2
ECrN coated on H13 tested at pH 7
1.0 4 ECrN coated on H13 tested at pH 10

Corrosion rate in mm/year

Surface roughness

Figure 4 Corrosion rate of bare H13 and CiN coated
on H13 in air-saturated 3.5 wt% NaCl solution at pH
2.pH 7 and pH 10 at 27°C.

Microstructure analysis

Microstructure of CrN thin films had dense.
colummnar grain and some equiaxed crystals. There are
particles and pinholes occur on the surface of the CrN
coating as shown in Figure 2. In addition. The
structure of CrN thin films depend on the sputtering
process. Thus, those defects have an effect to
corrosion rate of CrN film. Note that the corrosion
products on the Figure 5 (a) — (d). However the bare
samples had corrosion rate higher than CrN films.
Finally. structures after corrosion tests were confirm
corrosion rate on the samples.

Conclusions

The characterization of magnetron sputtered CtN
films was studied. These studies are summarized as
followings.

(1) XPS results show that O and C atoms might
Cr-compound of C and O might also be formed
during PVD.

(2) The uncoated specimens showed higher
corrosion rate in terms of millimeter per year than the
coated specimens at pH 2. 7 and 10.

(3) The surface roughness prior to the coating
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strongly affected the deposition of the CrN films; a
smoother surface of substrate yields better corrosion
resistance.

(4) The CrN film exhibited dense distribution
and highly smooth surface which the morphology of
C1N films were columnar and some equiaxed crystal.

Figure 5 Micrographs of bare H13 and CrN coated on
H13 after corrosion test in air-saturated 3.5 wt% NaCl
solution at pH 2, pH 7 and pH 10 at 27°C at 5000x.
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