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ARTICLE INFO ABSTRACT

Keywords: Tungsten carbide (WC) belongs to the class of protective coatings due to its good mechanical properties and
Tungsten carbide corrosion resistance. Herein WC-rich coating layers have been produced by irradiating C/W multilayers with
we . noble gases at room temperature. The in-depth concentration distributions after ion irradiation have been
;[(Lal?;agyer measured by Auger electron spectroscopy depth profiling. The corrosion resistance of the formed layers has been
lon irradiation tested in 3.5 wt% NaCl solution. It has been shown that the growth of the WC-rich layer started at the interfaces
Corrosion and with increasing fluence the separately growing layers coalesced. With the coalescence of the layers the

corrosion resistance of the system suddenly increased. To describe this phenomenon the term effective areal
density has been introduced. If the effective areal densities of WC were lower and higher than 550 (1 /nmz) and
1200 (l/nmz), the corrosion current densities were 0.5 and 0.08 (pA/sz), resp. The in-depth distribution of the
WC-rich layer and thus the corrosion resistance could be tailored by varying the projectiles, fluences, energies
and initial layer structure. The maximum corrosion resistance found was better than that of stainless steel and
WC cermet. The effective areal densities could be predicted by TRIDYN simulations allowing the design of
corrosion resistive coatings.

1. Introduction

There is always a need for materials with exceptional mechanical
durability and chemical resistance. Candidate materials with superior
mechanical durability and chemical resistance among others are Ti and
Si based nitrides (TiN and SizNy4), and various carbides (SiC, ZrC, and
WC). Tungsten-carbide is widely used in numerous harsh applications,
owing to its very high hardness and exceptional inertness to chemical
attack. Specifically, WC is one of the most favorable choices for modern
cemented coatings [1]. It has been widely used in numerous harsh ap-
plications as protective coatings due to their good mechanical proper-
ties: high hardness and good corrosion resistance and low wear
properties, that are sustained up to 400 °C [2,3]. As a composite coating
WC has been used to improve the tribological properties of diamond-like
carbon and amorphous carbon coatings [1,4,5]. It can be applied both as
individual or composite coating serving as a protective layer on stainless
steel or aluminum alloys [1,6]. As a cermet its corrosion resistance is
poor due the presence of the cobalt binder. Thus, Co was tried to be
replaced by other binders like Ni or Cr; other solution like binderless
carbides are still researched [7,8].
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Different processes have been used for depositing WC coatings like
plasma spraying, physical vapor deposition (PVD) and chemical vapor
deposition (CVD). Typically, CVD processes are carried out at temper-
atures above 500 °C, which does not allow the coatings to be applied on
hardened steels without significantly affecting the substrate’s mechan-
ical properties [2]. PVD processes offer low temperature deposition but
it often leaves high compressive residual stress and stress gradient in the
sample which can lead to the delamination of the coating [9,10]. Ion
irradiation based methods are also available for producing coating
layers. It has been shown that appropriate ion irradiation may increase
the wear and corrosion resistance of the materials. For example it has
been shown that tungsten implantation to steel increased the wear [11].
An interesting process has been published by Liu et al. [12]. To improve
the adhesion of the a-C on steel the steel was irradiated by 20 keV, 5 x
107 W*/cm?. The a-C was evaporated on the pre-implanted steel. At the
interface WC + C layer formed and besides the improved adhesion the
corrosion resistance was also improved [12].

It has been known for a long time that during ion bombardment ion
beam mixing (IBM) happens [13]. During IBM compound formation
may also occur; as it is a non-equilibrium process it also can be applied to
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produce high heat of formation compounds at room temperature.
Several authors have demonstrated IBM-induced compound formation
in case of multilayer structures. Galindo et al. produced chromium-
silicon mixed oxides by mixing of Cr/Si bilayer by oxygen atoms [14].
Gupta et al. synthetized PbTe nanocrystals using low energy ion beam
mixing of a Te/Pb bilayer on a Si substrate [15]. Arranz et al. investi-
gated the mixing of Ti and Si layers [16]. Harbsmeier et al. have shown
that ion bombardment can induce solid state reaction in Si&C mixture
[17]. Racz et al. showed that SiC nano-layer can be produced by IBM at
room temperature [18,19].

Theoretically other carbides can also be produced at room temper-
ature by IBM by irradiating metal/C layer structures. Herein it will be
demonstrated that by applying IBM binderless WC coating layers can be
produced. Noble gas (energy range 40-120 keV) ions induced ion beam
mixing in C/W multilayer systems and subsequent compound formation
happened as well. It will be shown that WC-rich layer of desired thick-
ness and composition can be produced this way by changing the ion
energy, fluence and initial layer thicknesses. The distribution of the el-
ements and WC after irradiation is analyzed by Auger electron spec-
troscopy (AES) depth profiling. The chemical resistance of the irradiated
sample is tested by potentiodynamic corrosion test which was better
than commercially known materials e.g. stainless steel, WC cermet. It
turned out that our previously introduced quantity the effective areal
density [18,20] with slight modification could be also used here to
characterize the chemical resistance of the samples. It had been shown
that though the ion beam mixing of the Si/C and W/C systems are
strongly different being ballistic and thermal spike, resp. doing some
parametrization the TRIDYN simulation [21] is still able to estimate the
in-depth distribution of elements after irradiation [22] and a simple
model provides the amount of WC and the effective areal density can be
calculated as well. These findings show the possibility of the design of
the corrosion resistant coatings by the help of TRIDYN simulation.

2. Experimental section
2.1. Producing WC-rich layers

C/W multilayer structures were produced by sequential sputtering of
C and W on Si single crystal substrate in Jozef Stefan Institut Ljubljana.
Three different layer structures were produced which differed in the
thicknesses and numbers of the individual layers. The initial thickness of
the specimens was determined by cross sectional electron microscopy
(XTEM): the structures were the followings: C 10.4 nm/W 24.5 nm/C
9.1 nm/Si substrate; C 8 nm/W 18 nm/C 8.7 nm/W 18.6 nm/C 7.1 nm/
Si substrate; C 15.8 nm/W 22.7 nm/C 17.2 nm/W 24.3 nm/C 21.1 nm/Si
substrate. For easier reference we will call them as 102010, 1020 and
2020 respectively.

The WC-rich layers were produced by irradiating the multilayer
structures by Xe™ or Ar' ions at room temperature in Helmholtz-
Zentrum Dresden-Rossendorf. The fluences for xenon were 0.1-3 X
10'® Xe*/cm? the applied energy was between 40 and 160 keV. For
argon irradiation the fluences varied between 0.1 and 6 x 106 Ar"/cm?
with energies in the range of 40-110 keV.

2.2. AES depth profiling

2.2.1. Evaluation of the AES depth profile

For determining the component in-depth distributions before and
after the ion irradiation AES depth profiling has been performed. The
detailed description of the AES depth profiling procedure can be found
in Ref. [23]. Its summary is as follows. The Auger spectra were recorded
by a STAIB DESA 150 pre-retarded Cylindrical Mirror Analyzer (CMA) in
direct current mode. For depth profiling 1 keV Ar" ions were used with
an angle of incidence of 65° with respect to the surface normal (for the
“strange” angle of incidence see Ref. [23]). The ion current was kept
constant during sputtering. The sample was rotated (6 rev/min) during
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ion bombardment. These parameters were chosen for minimizing the ion
bombardment-induced surface and interface morphology changes [24].

The carbide formation was detected by the change of the Cy 1, Auger
peak shape, see Fig. 2 in Ref. [23]. The measured peak was decomposed
to graphitic and carbide components by applying the Linear Least
Square Solution (LLSS) built in CasaXPS program [25]. The relative
sensitivity factor method [26] was used for the calculation of the atomic
concentrations. The sputtering time was transformed to the removed
thickness by applying our previously elaborated method [27]. The
relative sputtering yields of pure C and Si could be determined from the
sputtering times required to remove the known layer thicknesses of the
as-deposited W and C layers. In the regions that contain mixed C and Si
components (independently from their chemical state) we suppose that
the total sputtering yield Y can be estimated as Y = XX;*Y; where Y; and
X; are the sputtering yield and concentration of component i (in our case
‘C’ or ‘W’). All presented in-depth distributions were calculated by this
procedure.

2.2.2. Artifact production

The AES depth profiling of the C/W system produces artifacts; thus
the correction of the measured depth profiles is a paramount impor-
tance. In our recent paper [23] the artifact production had been dis-
cussed in details. Its essence is that due to the unavoidable intermixing,
even at 1 keV Ar" bombardment (used in AES depth profiling for
removal of the material) and the concomitant compound formation the
depth profile of the pristine sample exhibits WC in the C/W interface
region, which is evidently artifact since the XTEM studies verify that in
the pristine sample there is an abrupt transition from the pure C to pure
W (and vice versa) and there is no WC on the initial interface. It has been
also shown that the sputter removal process can be described by TRIDYN
simulation using default parameters. This simulation will be used to
make correction by removing the artefacts of the experimentally
measured depth profiles.

2.3. Corrosion test

2.3.1. Measurement

The corrosion resistance of the samples has been tested by poten-
tiodynamic corrosion test in 3.5 wt% NacCl solution. The growth of the
WC-rich layer started at the C/W interface and its thickness depended on
the conditions of IBM. In the majority of the cases only a part of the top C
layer was consumed by IBM-induced compound formation and thus, the
sample surface contained a carbon layer of various thicknesses. There-
fore, before the corrosion test we had to remove the carbon layer which
covered the intermixed region. This was achieved by oxidation of the
intermixed sample in microwave plasma for 10 min.

The electrochemical measurements were carried out at room tem-
perature in a common electrochemical three-electrode glass cell. The
potentiodynamic experiments were performed with a computer-
controlled Gamry Reference 3000 potentiostat. A saturated calomel
electrode (SCE) was the reference electrode which was immersed with
the help of a Luggin capillary. A platinum mesh was applied as the
counter electrode. The electrolyte solution was de-aerated 3.5 wt% NaCl
solution prepared from analytical grade chemicals. The samples (with an
effective area of 0.3 cm?) were fixed with carbon glue to a stainless steel
holder. The contact of the samples with the electrolyte was established
by employing the hanging meniscus technique. The solution was purged
with argon during 30 min before immersing the sample to reduce the
dissolved-oxygen content in the solution. The polarization curves were
recorded at constant sweep rate of 5 mV/min in a potential range of
(—0.5)-(0.0) V vs. SCE. The polarization curves were characterized by
the Tafel extrapolation method.

2.3.2. Evaluation of the corrosion tests
Pourbaix Diagrams can serve as useful guides for predicting stability
under the expected pH and electrochemical potential (E) conditions.
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Fig. 1. Pourbaix diagram for tungsten prepared by Medusa software,
[WO3]1=10"°M.

Fig. 1 shows the Pourbaix diagram for tungsten prepared by Medusa
software [28,29]. The electrochemical potential is referred to the satu-
rated hydrogen electrode (SHE). We can see that tungsten actively
corrodes in the range of the applied potential (—0.744)—(—0.244) versus
SHE at pH 7.

Moreover, the selective dissolution of carbides and tungsten phase in
chlorine environment have been reported by several authors [7,30-32].
These findings suggest that the processes at the positive side of the
voltammograms can be attributed to the dissolution of tungsten and
tungsten carbide. The following electrochemical reactions are suggested
[33-35]. The cathodic process in purged solution is Hy evolution:

2H,0 + 2¢~ — H, + 20H™ (@))

The anodic process is the dissolution of tungsten and tungsten
carbide:

W + 4H,0 — WO7T + 8H' + 6¢ )
WC +6H,0 -> WO3 + CO, + 12H" + 10¢” 3

It should be also emphasized that the test is to be performed in bulk
material. If during the test the corrosion consumes one of the layers and
a new one appears, then the method still provides a useful number for
the sample behavior but its meaning is restricted.

2.4. TRIDYN simulation and calculation of the formed amount of WC
[22,23]

The TRIDYN simulation [21] is based on the binary collision
approximation model for ballistic transport and the full cascade process
simulation. In cases when the average atomic number is above 40, which
is our present case, the mixing is governed by thermal spike model [36].
In this case the application of a simulation based on ballistic processes is
questionable. Still we have shown that applying some parametrization it
was possible to estimate the in-depth distribution of the elements after
ion irradiation by using TRIDYN simulation. Setting the relocation
threshold energy — determines the strength of the mixing — to 2 eV for all
elements (C, W, Si) an excellent agreement between the experimental
and simulated in-depth distributions were found [22].

The TRIDYN simulation cannot handle the compound formation. On
the other hand, the experimental observations were similar to those in
the case of the mixing of Si/C [37] which allows to make a simple model.
The experimental observations: a./ unreacted W and C have only rarely
found, b./ the WC concentration reached even 100% (in case of SiC it
was only 80% [37]). Thus we assume that all minority C or W forms
carbide and there is no limit in carbide formation.
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Fig. 2. The amount of WC provided by TRIDYN simulation of AES depth
profiling (Ar*, 1 keV, 65°) for structures of Cpure/ WCpure/Wpure. The x axis
shows the thickness of the initial WC layer. The numbers in the figures show the
initial thickness of the layers in nm-s.

3. Results and discussion
3.1. WC-rich layer production

The ion mixing and the concomitant WC formation starts at the in-
terfaces and growth toward the originally pure layers resulting in
various distributions. The shapes of the distributions strongly depend on
the ion bombardment conditions and layer structure. In the following
some examples of the observed distributions will be shown.

To start with it should be emphasized that the AES depth profiling
produces artifacts, extended ion mixing and compound formation occurs
at interfaces, as it is discussed in details in our recent paper [23]. The
strength of artifact production strongly depends on the initial structure
of the sample; the worst is in the case of pure layers. Anyhow the as
received AES depth profiles should be carefully checked and should be
corrected if it is necessary. As it was mentioned earlier the TRIDYN
simulation, using default parameters, is applicable for the description of
the depth profiling process. For the correction of the as received depth
profiles we have developed a reverse process. We have assumed “initial”
distributions and simulated the depth profile; by comparing the assumed
“initial” distribution with the simulated one the artifact can be easily
estimated. Fig. 2 shows the so called master curve. It was calculated
assuming Cpure/WCpure/Wpure layer system, in which the transitions in
the layers are abrupt and shows the simulated (experimentally
measured) amount of WC as a function of the thickness of the initial WC
layer.

Fig. 2 clearly shows that based on the amount of simulated
(measured) WC we cannot distinguish between samples with initial
structures of the pure C/W (0 nm thick WC) and C/2 nm WC/ W. It
follows that our method, because of the artifact production is not
applicable to reveal extreme thin WC layers. It should be added that the
actual strength of the artefact production strongly depends on the type
of transition and it is different for C/WC and WC/W transitions [23] and
depends on the shape of distribution. The worst case is the abrupt
transition; thus, Fig. 2 provides an overestimation of artefact produc-
tion. Based on the above we conclude that if the amount of WC, pro-
duced by the high energy irradiation, is higher than 400 WC number/
nm? then the error introduced by the AES depth profiling is in the range
of 10-15%. At lower values the error increases; we cannot even detect a
4 nm thick WC layer, since the WC produced on pure C/W transition is
roughly the same. Thus, in the evaluation of the experimental we will
follow a simple routine. All measured WC values will be given in
Tables and in the text. Those which are lower than 350 (number,/nm?)
will be given in parentheses emphasizing that the error of that value is
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high might be even 100%. For WC values higher than 500 (number/
nm?) we will suppose that the error is in the range of 10-15% but will
not be given.

Fig. 3 shows typical carbide distributions. Note that besides the
tungsten carbide, we are interested in, the substrate Si might also be
intermixed with the last C layer, producing silicon carbide at the inter-
face. In the following we will mainly deal with the WC production,
which was produced by applying 120 keV xenon irradiation of various
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fluences on sample of 102010. In the case of 1 x 10'° Xe™/cm? (Fig. 3a)
irradiation the carbide began to grow from the interfaces. With
increasing fluence the two individual carbide regions just begin to
overlap, see 2.5 x 10'° Xe*/cm? (Fig. 3b) irradiation. After irradiation 5
x 10%° Xe™/cm? (Fig. 3¢) the place of this overlap can be only slightly
recognized. Irradiation 10 x 10™® Xe*/cm? (Fig. 3d) causes the forma-
tion of well-developed WC layer consuming practically all W. Since the
WC formation terminated additional increase of fluence (30 x 10'° Xe*/
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Fig. 3. The in-depth distributions calculated from AES depth profiles of measured sample 102010 irradiated by 120 keV Xe ™ for fluences in units of 10'°Xe*/cm?a. 1;

b. 2.5; c. 5; d. 10; e. 30.
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cm?) can only results in further intermixing of the Si substrate see
Fig. 3e. In fact, the Si from the substrate is strongly intermixed with the
reminder C and the WC layer as well. The intermixing results in high SiC
formation which is made by consuming all the carbon but it also de-
stroys the WC layer replacing W by Si. During this process besides the
formation of SiC, which exhibits also a good chemical resistance
[18,37]1, metallic W and Si appears in the WC and SiC layers, which
corrupt the chemical resistance (see later) of the sample.

Similar distributions can be produced in several ways. E.g. by
decreasing the irradiation energy to 40 keV and increasing the fluence to
2.5 x 10'° Xe™/cm? a distribution similar to Fig. 3a can be produced as
it is shown in Fig. 4. This happens despite of the big difference in the
projected range of xenon ions at the two energies being 14 + 3 nm and
25 + 10 nm for the 40 and 120 keV energy, resp. calculated by SRIM
[38].

Obviously the produced WC distribution can also be tuned by vary-
ing the initial layer structure. Fig. 5 shows an AES depth profile of a
1020 (C 8 nm/W 18 nm/C 8.7 nm/W 18.6 nm/C 7.1 nm/Si substrate)
sample irradiated by 5 x 10'® Xe®/cm? 160 keV. For this thicker
structure higher irradiation energy, 160 keV Xe™ (projected range 37 =+
19 nm [38]) was needed to produce a thick WC layer; the in-depth
profile shows that the carbide layer produced is thicker than even the
whole thickness of sample 102010.

A large variety of irradiation conditions have been applied on three
layer structures providing a rich assembly of various WC carbide dis-
tribution. These samples have been tested for corrosion resistance.
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Fig. 4. WC in-depth distribution produced by irradiation sample 102010 after
irradiation of 2.5 x 10'°Xe*/cm? 40 keV and 1 x 10'°Xe*/cm? 120 keV, resp.
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Fig. 5. AES in-depth distribution of irradiation 5 x 10'°Xe"/cm?, 160 keV,
sample 1020.
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3.2. Corrosion resistance

The corrosion resistance of the samples has been tested by poten-
tiodynamic corrosion test in 3.5 wt% NaCl solution. We should also
consider that this test might alter the sample. Thus, AES depth profiling
has been performed on samples after the corrosion test for revealing
what happened with the sample during the test. Fig. 6. a and b show the
AES depth profiles recorded after performing the potentiodynamic test,
on samples 102010 which had been irradiated by low (3 x 10® Ar'/
cm?) and high fluence (5 x 10> Xe™/cm?) of 40 keV Art and 120 keV
Xe', resp. For better comparison the depth profile of the similar non-
tested sample is depicted in the figures, as well. The profiles were shif-
ted to have the last carbon/Si substrate interface at the same depth.

It can be seen that in the case when the amount of produced WC is
low (Ar" 40 keV 3 x 10'%/cm?) the sample drastically altered during the
test. These samples originally have low WC concentration and very high
unreacted tungsten content. It can be seen that almost all tungsten
component and the formed low amount of carbide present at the in-
terfaces is completely dissoluted during the corrosion test. On the other
hand, in the case of high fluence xenon irradiation the sample hardly
changed during the test. This is due to the very low initial tungsten
content and to the high concentration of corrosion resistive WC present
in the sample.

The coating layers were built on Si substrate. The corrosion resis-
tance of Si using this test is order of magnitude larger than that of the
even perfect WC [39]. It is evident that if the layer degrades during the
test and the Si surface is revealed the corrosion resistance suddenly
strongly increases. Since such phenomenon has never been observed one
can conclude that the substrate has not been involved in the process and
thus the determined corrosion resistance is characteristic to the coating
layer produced.

Fig. 7 shows some typical Tafel curves obtained for the different
irradiated samples and different layer structures. The corrosion resis-
tance of the sample can be ranged by the corrosion current density and
corrosion potential derived from the Tafel extrapolation.

Fig. 7 shows that the results fall into two none overlapping ranges.
From the Tafel curves the corrosion current densities have been calcu-
lated by applying the Tafel extrapolation. These values characterize the
resistance against corrosion attack. The aim is to understand how the
amount and/or distribution of the tungsten carbide produced by the
various irradiations affect the corrosion resistance. Roughly speaking
small and high amount of carbide results in low and high resistance
against chemical attack. The medium region, cannot be easily under-
stood, however; Fig. 8 describes the problem.

Fig. 8 shows three WC distributions produced by irradiation of a./
120 keV Xe* 1x10'® /em? b./120 keV Xe™ 2.5 x 10'%/cm? on sample
102010 and 110 keV Ar* 3 x 10'%/cm? on sample 2020.

First of all, it is noted, that the WC distributions produced are in the
range where the AES depth profiling artifact production is low, the error
of the determination of the amount of WC is less than 15%, thus, the
recorded depth profile does not need any correction. Similarly, poten-
tiodynamic corrosion test does not affect the sample thus, the data can
be safely discussed.

The three WC distributions show there steps of the WC layer for-
mation process. In Fig. 8 a. the two WC layers, growing from neighbor
interfaces, are just separated, while in Fig. 8 b they begin to overlap.
Fig. 8c. shows the condition just before the termination of layer for-
mation. The all over amount of WC in the first two cases is rather similar
and in the third case is roughly 40% larger than the previous ones. The
corrosion current densities in the first two cases are about 0.40 pA/cm?,
while in the third case it is 0.06 pA/cm?. That is, the first two cases the
resistance against corrosion is poor, while in the third case is excellent.
This behavior had already been observed in the case SiC based protec-
tive layer produced by IBM [18], which led us to introduce the term
effective areal density. The effective areal density, which determines the
corrosion resistance, is to be calculated by integrating the amount of WC
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from that depth where its concentration exceeds a given value up to that
depth where its concentration decreases below that certain values. This
way before the overlap of the neighboring growing WC layers only the
very first will be considered as the corrosion resistive layer. During the
overlap procedure if the minimum value of the valley is under the pre-
determined layer then the integration stops at that value (blue line in
Fig. 8b), if the minimum is larger than the predetermined value then the

integration goes further until the WC concentration decreases below the
predetermined value. This predetermined value in the case of SiC is
20%, while in the case of WC it is 50%. It should be emphasized that this
definition results in sharp increase of the effective areal density during
the overlapping process. Really slight increase of the irradiation fluence
results in the increase of the minimum between the two growing WC
layers above the predetermined value, when the amount of the WC in
the second layer is to be added to the first one resulting a great increases
of the effective areal density. Now it will be checked how does this
behavior is reflected in the corrosion resistance of the layer.

Table 1 shows the shapes of WC distributions, effective areal den-
sities calculated as above, and the corrosion current densities for all
measurements.

The experimental results have been listed according to the increasing
values of the effective areal densities. We have chosen this representa-
tion since our aim is to find correlation between the corrosion resistance,
which is inversely proportional with the corrosion current densities, and
the effective areal density. In the Table we do not provide the shape of
the 102010 3 x 10'® Xe*/cm? 120 keV irradiation (signed with *) as this
irradiation caused the deterioration of the formed tungsten carbide (see
Fig. 3e) resulting in worsening corrosion resistance. The graphical rep-
resentation of all measured data (except the signed experiment) in
Table 1 is shown in Fig. 9.

Both Table 1 and Fig. 9 show that the corrosion current densities are
grouping into distinct regions; in Fig. 9 the blue vertical line divides the
two regions, while in Table 1 the horizontal line is the border.

P
2]
-~

ic fractign)
o

o
™

g\tom
o

Q
FS

580 WC/nm?

%
[N}

Concentration WC

[

(a) (b)
§10] g10]
© 0.84 ; 0.8+
£ £
] 1]
Zo0s6 <06
g 510 WG g
S 0.4 é 0.4
s £ 450 WCinm?
€ 0.2 0.24
g 460 WC/nm? 8
c Q
S __J ©
oo . . . . 0.0

0 10 20 30 0 10

Depth (nm)

Depth (nm)

S, E S ——

10 20 30 40 50 60 70
Depth (nm)

20 30

o

Fig. 8. The experimentally measured WC distributions after irradiation of a./102010 sample by 120 keV Xe™ 1 x 10'%/cm? and b./120 keV Xe" 2.5 x 10'°/cm? and
c./sample 2020 by 110 keV Ar" 3 x 10'%/cm?. The areal densities of WC determined in the shown regions are given in the Fig. in WC number/nm? units. The blue
line in Fig. 8b. shows the limit of integration. The corrosion current densities for samples in Fig. 8. a, b, ¢ are 0.44, 0.40, 0.06 uA/cmz. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



A.S. Racz et al.

Table 1
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The shapes of WC distributions, WC effective areal density and corrosion current densities, determined of various samples after the various IBM (first column). The
shape of the WC distribution in experiment designed by* is different from that shown in column 2, thus it is discussed separately.

Sample & irradiation Shape of WC distribution

WC effective areal density (numb/nm?)

Corrosion current density, jeorr (pA/cmZ)

102010 1 x 10%° Ar*/cm? 40 keV
1020 3 x 105 Ar*/cm? 80 keV
102010 3 x 10 Ar*/cm? 40 keV
102010 1x10'° Xe™/cm? 120 keV
1020 3 x 105 Ar*/cm? 50 keV
102010 2.5 x 10'° Xe"/cm? 40 keV
2020 6 x 10 Ar*/cm? 110 keV
102010 1 x 10 Ar*/cm? 40 keV
102010 2.5 x 10'° Xe"/cm? 120 keV
102010 3 x 10'® Xe"/cm? 120 keV*
102010 5 x 10'° Xe™/cm? 120 keV
102010 1 x 10 Xe™/cm? 120 keV
102010 3 x 10'® Ar*/cm? 40 keV
1020 5 x 10'°Xe™/cm? 160 keV
1020 3 x 10'° Ar*/cm? 80 keV
2020 3 x 10'® Ar*/cm? keV

2020 6 x 10'® Ar*/cm? 110 keV

C

=
T
2

i
=3

o

<G

=

"IPH

(169)
(247)
(248)
(282)
(289)
425

469

512

450

1223
1407
1457
1567
2370
2570
3408
3553

0.44
0.49
0.45
0.44
0.5

0.49
0.26
0.42
0.40
0.19
0.09
0.06
0.13
0.06
0.13
0.05
0.06

First we deal with the region with effective carbide density lower
than 550 WC (number/nmz). Let us recall that below 350 WC, the AES
depth profiling provides data with terrible high scatter, see Fig. 1; the
determination of the initial WC distribution is practically impossible.
The only thing which we know is that larger amount of measured WC
means larger amount of initial WC. Moreover, considering that the
corrosion test alters the sample in case of thin WC layer (produced by the
IBM) the measured corrosion current density is not characteristic to the
WC layer but to the sample. Accordingly, the data below 350 WC
(number/nm?) belonging to the first range in Table 1 and/or Fig. 9.
should be considered with great care. Consequently, any reasonable
dependence between the effective areal density and corrosion current
density cannot be established. Rather this region can be characterized
as: the corrosion current density is 0.5 (uA/cm?) + 35% if the effective
areal density is in the range of 0-550 WC (number/nm?).

Considering the other, the lower range, of the corrosion current
density, first we must emphasize that in this range either the AES depth
profiling or the corrosion test are accurate enough. Thus, here if large
scatter appears as it will, its cause is not the noisy measurement but the
very feature of the samples. Concerning the correlation between the
corrosion current density and the effective areal density the conclusion
is similar as before; we cannot establish any correlation between the
amount of WC and corrosion current density. To characterize the region,
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Fig. 9. Corrosion current density vs effective areal density.

we can say if the effective areal density is larger than 1200 WC (number/

nm?) the corrosion current density is 0.08 (pA/cmz) + 36%. The large
scatter means that the amount/shape of WC alone does not fully
determine the corrosion resistance. Most likely the various defects like
pin holes, solute W etc. also contribute to the corrosion resistance but
their effect is considerable less than that of the WC.

For a better understanding of the formation of the two distinct re-
gions of the corrosion resistance values we consider the fluence depen-
dence of the corrosion resistance. To do this in Fig. 10 the areal density,
the effective areal density and the corrosion current density is shown for
sample 102010 in the case of 120 keV Xe™ irradiation.

The areal density is the integral of an element, compound along the
depth from the surface. In our present case at the beginning it is the sum
of the WC units being in the two separate layers growing from the C/W
and W/C interfaces. It is growing continuously with the fluence until it
reaches a saturation value. On the other hand, the corrosion current
density is a kind of step function. Thus, it is clear that between the two
quantities (areal density, corrosion resistance) cannot be established any
connection. This is why we introduced the term effective areal density.
This quantity also shows a sudden jump when during the coalescence of
the two neighboring layers a user defined value of the minimal con-
centration between the separating valley is reached. Seemingly, the
structural change nicely correlates with the increase of the corrosion
resistance. What could be the reason for this behavior?

It should be recalled that in disordered solids the etching shows
percolation behavior [40] as a function of randomness. In this mainly
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Table 2
The corrosion current densities measured by various bulk materials
applying potentiodynamic corrosion test in 3.5 wt% NaCl [41].

Material Corrosion current density
(pA/cm?)
Mild steel 12.0 [41]
Tool steel 6.5 [41]
Grey cast iron 3.57 [41]
Copper 2.0 [41]
Brass 1.0 [41]
SS 163L 0.38 [41]
SS 304 0.38 [41]
SS Zeron 0.21 [41]
WC-10Co 1.84present

WC made by IBM on Si 0.pgpresent

f——WC 1x10"®
—C 1x107®
} | W 1x10®
o) O WC 3x10'®
O 16
‘ O C3x10

© 0 W3x10"

-
o
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Concentration (Atomic fraction)

i
o
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Depth (nm)

Fig. 11. The simulated in-depth profiles after irradiation of sample 102010 by
Ar™ ions. Irradiation conditions: 40 keV 1 x 10'® Ar™ and 3 x 10'® Ar*/cm?.

amorphous structure the randomness can be represented by structural
defects, solute metal (W) atoms, density fluctuation, etc. which might
affect the etching rate. The shapes of the coalescences for the various
irradiations, sample structures are rather similar thus a single value of
the minimal concentration of the separating valley is sufficient to
characterize it. During the coalescence the predetermined concentration
value gives the percolation threshold which causes a sharp transition of
the etching rate.

The behavior of the present system is similar to that of the SiC [18].
The only difference is the value of the minimum concentration deter-
mining the jump position of the effective areal density; it is 20% and
50% for SiC and WC, respectively.

To provide a ballpark estimate of these data, in Table 2 some
corrosion current densities are shown measured by the same test on
various materials.

Table 2 shows that our coating produced by IBM exhibit excellent
resistance against chemical attack, eg. it is even better than specially
prepared stainless steel. In Table 2 we also show measured data for a
commercially available cermet coating (WC-10Co), its corrosion resis-
tance is orders of magnitudes worse than the WC produced by IBM. This
is mainly due to the preferential corrosion of the Co binder.

3.3. Design of protective coating

The experiments clearly show that in the C/W system the IBM pro-
duces tungsten carbide. That amount of tungsten carbide, which de-
termines the corrosion resistance is measured by the effective area
density of the WC; thus to design a coating layer with given corrosion
resistance the effective areal density of WC should be designed. This can
be done since in our recent paper [22] we have shown that the TRIDYN
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code despite of the thermal spike mixing of the W/C system with proper
parametrization provides a fair estimate of the IBM and the compound
formation can also be calculated. This calculation also showed how can
one choose proper parameters to build the same effective areal density
starting from vastly different initial conditions. This gives a considerable
freedom for the user. E.g. Fig. 3.c shows that applying irradiation of 5 x
10*Xe™/cm?, 120 keV on sample 102010 produces a well-defined WC
carbide layer having a corrosion current density of 0.09 uA/cm? What
can we do if only Ar™" is available? We can perform the TRIDYN simu-
lation checking the WC formation for various fluences; Fig. 11 shows the
result for 1 x 10'® Art and 3 x 10'® Art/cm? of 40 keV irradiation,
respectively. It shows that using 40 keV Ar™ 1 x 10'®/cm? fluence is
insufficient but increasing to 3 x 10'®/cm? a well-developed WC layer
forms very similar to that shown in Fig. 3c.

We should, however, remember that while in the case of Si/C system
the TRIDYN simulation describes the IBM by reasonable accuracy in the
case of C/W system it gives only a fair estimate. Moreover, the inaccu-
racy of the method is the worst in that condition when the individual WC
layers begin to overlap. Still perhaps slightly overestimated irradiation
conditions can be found which provide the desired WC distribution.

4. Conclusions

C/W multilayer structures were irradiated by xenon and argon ions
of energy and fluences of 40-120 keV and 0.1-6 x 10'® ions/cm?, resp.
The concentration in-depth distributions were measured by AES depth
profiling, which proved that WC was produced by the irradiation. The
amount of WC depended on the irradiation conditions (projectile, en-
ergy, fluence) and layer structure. The corrosion resistance of the irra-
diated samples has been tested by potentiodynamic corrosion test. The
corrosion resistance could be characterized by the effective areal density
of the WC. Having these layer structures and irradiation parameters the
corrosion current density showed an interesting feature; if the effective
areal density was in the range of 0-550 WC (number /nm?) the corrosion
current density was 0.5 (pA/cmz) + 35%, while if the effective areal
density was higher than 1200 WC (number/nm?) the corrosion current
density was 0.08 (pA/sz) + 36%, which was better than that of
stainless steel. The effective areal density values can be calculated
applying TRIDYN simulation. Thus, this fast and cheap simulation en-
ables the design of custom made WC-rich coating layers.
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