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Electrochemical impedance spectroscopy (EIS) and d.c polarization resistance measurements �Rp�
were used to study the corrosion resistance of surface layers produced by nitrogen ion implantation
into copper substrates. Ion implantation was carried out using a Wickham ion beam generator,
applying an acceleration voltage of 100 keV, a mean current of 0.40 mA and a nitrogen dosage of
4 � 1017 ions cmÿ2. Surface analyses were made by Auger electron spectroscopy (AES). Electro-
chemical measurements (EIS and Rp) performed in a 0.6 M sodium chloride solution show nitrogen-
implanted specimens have greater a.c. and d.c. apparent polarization resistance than nonimplanted
specimens. The results obtained with electrochemical measurements indicate that nitrogen ion im-
plantation in copper forms a protective surface layer which improves the corrosion resistance of the
pristine material, a feature of great interest for the design of new contact materials for the electricity
and electronic industries.

1. Introduction

Ion implantation is one of the surface modi®cation
techniques most widely developed in recent years.
The surface to be treated is bombarded by high en-
ergy ions (50±200 keV) and the kinetic energy at-
tained by the ions in the accelerator enables them to
penetrate the surface, giving rise to a series of atomic
displacements. These lattice-atom displacements tend
to randomize distributions of alloying components
until the energy is dissipated [1]. The technique thus
leads to the modi®cation of a small layer beneath the
surface with a typical depth of 200 nm, producing an
increase in hardness and resistance to wear, abrasion,
high temperature oxidation and electrochemical cor-
rosion [2±5]. Most studies have focused on improving
the mechanical properties and high temperature re-
sistance of alloyed steels and superalloys by nitrogen
ion implantation and little work has been carried out
on other materials such as copper.

It is well known that the oxidation and tarnishing
of copper in industrial environments can reduce its
conductivity, with a consequent loss of electrical
properties. The need to increase the electrochemical
and mechanical stability of copper contact interfaces

has led to the use of gold or nickel±palladium coat-
ings. An interesting alternative to this costly process
is ion implantation. Hendriksen et al. [6] have studied
the increase in corrosion resistance and surface
microhardness of copper and silver electrical contacts
resulting from boron ion implantation. More re-
cently, Lambri et al. have studied some of the
mechanical properties of nitrogen-implanted copper
[7]. The literature also reports that the formation of
nitrides on di�erent metals by nitrogen ion im-
plantation is very useful, providing great hardness,
wear reduction, a gold colour and high corrosion
resistance [8±10]. Following this line, the present pa-
per focuses on the corrosion behaviour of copper
surfaces modi®ed by nitrogen ion implantation. Most
of the experimental study was based on the applica-
tion of impedance spectroscopy. This technique is a
powerful tool for studying electrochemical systems
such as ion-selective membranes [11], solid electro-
lytes [12], conducting polymers [12] and metallic
corrosion [13]. The improvement in copper corrosion
resistance after ion implantation makes these mate-
rials attractive due to their potential applications for
the design of new contact materials for the electricity
and electronic industries.
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2. Experimental details

Pure copper specimens were prepared in the form of
rectangular plates 15 mm long and 5 mm wide. Before
the specimens were introduced into the implantation
system their surfaces were treated in accordance with
usual cleaning and polishing standards for industrial
®nishes.

The nitrogen ion implantation process was carried
out using an industrial Wickham IBS generator, ap-
plying an acceleration voltage of 100 keV, a mean
current of 0.40 mA and a nitrogen dosage of
4 � 1017 ions cmÿ2. The specimens were cooled to
prevent their temperature exceeding 40 �C during the
5 h of treatment.

Surface analyses of the specimens were carried out
by Auger electron spectroscopy (AES) using a Per-
kin±Elmer / 4200 Auger electron spectrometer and a
Jeol (Jamp-S10) with a 5 kV electron source and a
spot diameter of 100 lm. Argon ion etching for depth
pro®ling was performed using an ion gun operating
at 2 kV, which rastered an area of 2 mm� 2 mm.
Pro®le CodeTM software (Implant Science Corpora-
tion) was used to simulate nitrogen implantation
conditions in the copper specimens. The parameters
introduced in the simulation model were the same as
for real implantation.

Most of the experimental study was based on the
application of electrochemical impedance spectro-
scopy (EIS), though d.c. polarization resistance
measurements were also made. All electrochemical
measurements were performed with a three-electrode
con®guration. 0.6 MM sodium chloride solutions were
used as electrolyte. The surface area of the specimens
exposed to the electrolyte was 0.75 cm2. A platinum
grid was used as counter electrode and a saturated
calomel was used as reference electrode.

Electrochemical impedance measurements were
made using an EG&G Princenton Applied Research
(PAR) model 398 electrochemical impedance system
with a 1255 Solartron frequency response analyser
connected to a PARC 273A potentiostat/galvano-
stat. Some impedance data were collected with the
Chiodelli interactive graphic program [14]. Im-
pedance spectra were ranged from 105 to 10ÿ3 Hz.
The amplitude of the superimposed a.c. signal was
10 mV. The impedance data were ®tted using the
`EQUIVCRT' program by Boukamp [15]. The d.c.
polarization resistance �Rp� measurements were
made with the PARC 273A potentiostat/galvanostat
according to two di�erent methods: one using a
timed technique and the other using a scanning
technique. Both d.c. techniques were carried out
using the EG&G PAR model 352 analysis software.
The timed (potentiostatic) technique was performed
keeping the potential constant and plotting the re-
sultant current against time. The potential steps
applied were of � 20 mV with respect to the corro-
sion potential and the step duration was 120 s. The
scanning (linear polarization) technique was per-
formed using a controlled-potential scan of � 20 mV
with respect to the corrosion potential and a scan
rate of 0.166 mV sÿ1.

3. Results and discussion

As can be seen in Fig. 1, surface analyses by Auger
electron spectroscopy (AES) reveal that the as re-
ceived specimens contain large amounts of surface
contaminants like Cl, C, S, N and O. These specimens
were cleaned by means of Ar� ion bombardment.
After a few minutes of sputtering only small amounts
of C and O were found (Fig. 1). At this point, ion
implantation was begun.

Fig. 1. Auger electron spectroscopy analyses of a nonimplanted copper specimen before and after the sputtering treatment.
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Figure 2 shows the Auger electron spectra corre-
sponding to the Cu (LVV), C (KLL), N (KLL), and
O (KLL) peaks at di�erent depths of the sputter
pro®le for a nitrogen ion-implanted specimen. AES
scans were made only in particular spectrum regions,
looking for these transitions. The Auger spectra re-
veal that there is no signi®cant contamination of the
copper surface by carbon during the implantation
process. None of the nitrogen-implanted specimens
presented greater oxygen content than the non-
implanted specimens. A light sputtering with argon
produces a progressive removal of oxygen and carbon
beneath the outer surface of the implantation layer.
The decrease in the C and O contents causes a change
in the structure of the Cu (LVV) transition due to
changes in the oxidation state of the copper (Fig. 2).
At the same time, when the sputter depth increases,
the Auger spectra show that there is an increase in the
nitrogen content within the implantation layer
(Fig. 2).

The nitrogen depth pro®les obtained by simulation
techniques are in agreement with these results.
Figure 3 shows the nitrogen concentrations obtained
using Pro®le CodeTM software. The parameters of the
model are the same as for real implantation. The N
pro®le has a Gaussian distribution. The maximum

nitrogen concentration is 3:14 � 1022 ions cmÿ3 at
142.9 nm, and the maximum depth of copper bulk
a�ected by nitrogen implantation is about 250 nm
(Fig. 3).

The impedance (Nyquist) plots for the non-
implanted specimens show a single semicircle in the
frequency range studied (Fig. 4). This can be de-
scribed with the equivalent circuit proposed in Fig. 4,
where R1 is the resistance of the electrolyte between
the working electrode and reference electrode, R2 is
the charge transfer resistance at the metal/electrolyte
interface, and CPE is a constant phase element. In
many cases this impedance element was introduced
formally only for ®tting impedance data [15].
Nevertheless, the CPE behaviour has sometimes been
ascribed to the fractal nature of the interface [16]. For
a planar or smooth electrode, the nonfaradaic process
may be represented by a classical double layer capa-

Fig. 2. Auger electron spectroscopy analyses of a nitrogen-implanted copper specimen, for di�erent sputter depths: near the outer surface of
the implantation layer (a) and increasing progressively the depths into the layer (b) and (c).

Fig. 3. Concentration pro®le of implanted nitrogen according to
the theoretical model used for the simulation of the ion-implanta-
tion process.

Fig. 4. Experimental (�) and simulated (´) Nyquist plots of a
nonimplanted copper specimen. Immersion time: 3 d. Electrolyte:
0.6 MM NaCl.
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citance. However for a rough electrode such as these
specimens, especially at high frequencies, the fre-
quency dispersion of impedance is analogous to a
nonuniform transmission line. Therefore such a
nonfaradaic response can be represented by a more
general constant phase angle element which is de-
scribed by an empirical impedance function of the
type:

Z�x� � 1=Y0�j x�n

where j is the imaginary number (j2 � ÿ1), Y0 is the
CPE constant (`S'), x is the angular frequency
(rad sÿ1), n � a=�p=2� is the CPE power and, a is the
phase angle of the CPE. The factor n is an adjustable
parameter that usually lies between 0.5 and 1 [16].
The CPE only describes an ideal capacitor when
n � 1. Otherwise, for 0.5 < n < 1 the CPE describes a
distribution of dielectric relaxation times in frequency
space. Table 1 shows the variations with time for the
values of the two CPE parameters, Y0 and n. These
values were obtained by ®tting experimental and
simulated data with the Boukamp program. The n
values are between 0.70 and 0.76. Thus, the CPE
describes a distribution of relaxation times [16].

To simplify this discussion, it is useful to replace the
CPE by the double layer capacitance, C. The ap-
proximate value of C is obtained from the equation

C � 1=�R2 xmax� �1�
where R2 values are given by the diameter of the
single semicircles in the impedance diagram, and xmax

is the angular frequency corresponding to the max-
imum of this semicircle. In the case of nonimplanted
copper specimens C has a value of 3:6� 10ÿ4 F after
three days of immersion in a 0.6 M NaCl solution
(Fig. 4). This value does not correspond to the actual
capacitance, but is useful for comparison with the
values obtained for the nitrogen-implanted copper
specimens.

Finally, in relation with the nonimplanted copper
specimens, Table 1 also shows the changes with time
for the R2 values. In this case R2 represents the charge
transfer resistance of the corrosion reaction. These R2

values are later used to calculate the corrosion rate of
the material.

The impedance plots for the nitrogen-implanted
specimens describe two clearly di�erentiated semi-
circles (Fig. 5). The problem is now to identify the
impedance spectra region associated to the corrosion
reaction of the metallic substrate. It should be re-
membered that an arc also appears at low frequencies
when the di�usion layer has a ®nite thickness, and
this arc may be confused with a semicircle, especially
when data are not very precise [17]. In such a case, the
high frequency semicircle is associated with the
charge transfer resistance in the metal/electrolyte in-
terface, while the low frequency arc is due to di�usive
phenomena in the ®nite thickness layer. This situa-
tion may be described by incorporating a Warburg
di�usion impedance in the ®nite length regime �Zw�
in the equivalent circuit, connected in parallel with
the CPE and in series with R2, respectively (Fig. 5).
The impedance, Zw, of the ®nite length element is
de®ned by

Table 1. Changes in the impedance response of a nonimplanted

copper specimen with immersion time in a 0.6 MM NaCl electrolyte

CPE

Immersion time / h R2 /W Y0 / `S' n

3 1100 7.58 ´ 10)5 0.77

24 863 1.34 ´ 10)4 0.76

48 860 2.02 ´ 10)4 0.76

72 872 5.54 ´ 10)4 0.69

96 889 6.36 ´ 10)4 0.71

120 879 5.59 ´ 10)4 0.70

144 860 2.39 ´ 10)4 0.72

192 860 2.31 ´ 10)4 0.71

360 856 2.19 ´ 10)4 0.71

Fig. 5. Experimental (�) and simulated (´) Nyquist plots of a nitrogen-implanted copper specimen. Immersion time: 3 d. Electrolyte: 0.6 MM

NaCl.
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Zw � tanh �B �jx�1=2� = Y0 �jx�1=2

where Y0 and B contain the di�usion coe�cient and
other material constants [15].

However, if the di�usion model is accepted, the
calculated values for the elements in this equivalent
circuit give high relative errors when the nonlinear
least squares ®t technique of the Boukamp computer
program is used (Table 2). On the other hand, the
capacitance values of the low frequency arc, derived
from the expression

C2 � 1=�R3 xmax� �2�
have the same order of magnitude as those of the
single semicircle obtained for nonimplanted speci-
mens. Thus, for instance, C2 � 3:20� 10ÿ4 F for
three days of exposure to the electrolyte (Fig. 5).
Moreover, these results contradict those found for
the low frequency arc associated with curved di�u-
sion lines, where the values of capacitance (pseudo-
capacitance) derived from Expression 2 are usually
higher than the values obtained in the present case
[18, 19]. All these results indicate that yet it is
necessary to look for other equivalent circuits in
order to give a physical interpretation more
satisfactory for the impedance plots found for the
nitogen-implanted specimens.

The protective layers produced during the ion
implantation process are thin and have a little com-
pactness or continuity and may therefore cause the
development of cathodic and anodic areas on the
electrode. Using surface analyses and depth pro®ling,
Zhang et al. [20] have shown the importance of the
spatial distribution of implanted ions and, the e�ect
of these ions on the development of anodic and
cathodic areas on the metal surface, during the cor-
rosion reaction of specimens prepared by ion im-
plantation of Cr, Ni and W in Pb and Pb±4%Sb. In
this way, it could be of interest to use the equivalent
circuit proposed by Keddam et al. (Fig. 6(a)) [21] to
study the in¯uence of the presence of these cathodic
and anodic areas on the specimen. However, non-
linear least squares ®t (NLLS-®t) techniques do not
give good results with this equivalent circuit when
applied to experimental data of nitrogen-implanted
specimens, and the relative errors found for the
values of the elements of the equivalent circuit are
unacceptable (Table 2).

Two other equivalent circuits may be proposed,
both with two relaxation time constants (Fig. 6(b)
and (c)). These electrical circuits are typically used in
studies of ion-selective membranes [22, 23], when
examining metallic corrosion under organic coatings
[24±27], in certain instances of localized corrosion

Table 2. Results obtained applying the NLLS-®t technique to the experimental impedance data of a nitrogen-implanted copper specimen, after

three days immersed in a 0.6 MM NaCl solution, using di�erent equivalent circuits

Equivalent circuit CDC* Element circuit Value Relative error / %

Fig. 5 R1(Q[R2O]) R1 9.92 W 8.80

Q±Y0 2.08 ´ 10)5 `S' 79.49

Q±n 0.79 10.05

R2 5.66 ´ 101 W 24.14

O±Y0 7.92 ´ 10)4 `S' 3.86

O±B 1.36 s� 5.54

Fig. 6(a) ([R1(Q1R2)][R3(Q2R4)]) R1 1.01 ´ 101 W ±

Q1±Y0 4.77 ´ 10)5 `S' ±

Q1±n 0.70 6.20

R2 2.36 ´ 103 W ±

R3 1.25 ´ 102 W ±

Q2±Y0 3.49 ´ 10)4 `S' ±

Q2±n 0.74 4.33

R4 1.58 ´ 104 W ±

Fig. 6(b) R1(R2Q1)(R3Q2) R1 9.33 W 7.10

R2 9.08 ´ 101 W 12.39

Q1±Y0 6.36 ´ 10)5 `S' 36.09

Q1±n 0.69 5.82

R3 1.95 ´ 103 W 5.59

Q2±Y0 4.29 ´ 10)4 `S' 6.29

Q2±n 0.74 3.95

Fig. 6(c) R1(Q1[R2(Q2R3)]) R1 9.37 W 7.35

Q1±Y0 5.57 ´ 10)5 `S' 40.51

Q1±n 0.70 6.15

R2 1.11 ´ 102 W 13.76

Q2±Y0 3.80 ´ 10)4 `S' 9.90

Q2±n 0.74 4.35

R3 1.95 ´ 103 W 5.51

* CDC is the circuit description code according to the Boukamp program
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[28], and systems where surface layers may form
during exposure to a corrosive environment [29].
Both equivalent circuits give successful results with
NLLS-®t techniques when applied to the study of the
impedance response of the nitrogen-implanted speci-
mens (Table 2).

Figure 7 shows experimental and simulated im-
pedance plots obtained after three days of exposure
in a 0.6 MM NaCl solution. Table 3 shows the changes
with time for the parameters Y0 and n for both con-
stant phase elements CPE1 and CPE2, of the nitro-
gen-implanted specimens. These values were
calculated using the equivalent circuit in Fig. 6(c). It
may be observed that the CPE2±Y0 values in the low
frequency semicircle are of the same order of mag-
nitude as those found for parameter Y0 which corre-
spond to the single semicircle of the impedance plots
for nonimplanted copper specimens (Table 1). These
results indicate that the low frequency semicircle for
the nitrogen-implanted copper specimens has the

same meaning as the single semicircle that appears for
nonimplanted specimens. Thus, this low frequency
semicircle may be associated with the charge transfer
of the corrosion reaction of the metallic substrate.

Finally, the behaviour of the impedance response
of the nitrogen-implanted specimens at high fre-
quencies suggests that the element R2 in the equiva-
lent circuit proposed in Fig. 6(c) represents to the
ionic resistance of the protective layer developed in
the copper surface as a result of the implantation
process, and CPE1 is related to the dielectric prop-
erties of this layer [13].

Fujihana et al. [30] have observed that the nitrogen
ion implantation in chromium ®lms leads to the for-
mation of chromium nitride layers and improves the
corrosion resistance of these materials. Some authors
have also observed the formation of an oxide layer on
freshly nitrogen-implanted metal surfaces during ex-
posure to the atmosphere [3, 31]. This oxide ®lm was
not dense but had a greater thickness on implanted
surfaces than on nonimplanted surfaces improving
the corrosion resistance of the nitrogen-implanted
materials [31]. In the case of the nitrogen-implanted
copper specimens the AES analyses show that copper
nitrides may have a greater in¯uence than copper

Fig. 6. Some equivalent circuit models that yield impedance spectra
with two relaxation time constants.

Fig. 7. Experimental (�) and simulated (´) Nyquist plots of a
nitrogen-implanted copper specimen. Immersion time: 3 d.
Electrolyte: 0.6 MM NaCl. (Simulated data are obtained with a dif-
ferent equivalent circuit to that shown in Fig. 5).

Table 3. Changes in the low (a) and high frequency (b) impedance responses of a nitrogen-implanted copper specimen with immersion time in a

0.6 MM NaCl electrolyte

(a) High frequency semicircle (b) Low frequency semicircle

Immersion CPE1 CPE1

time / h R2 /W Y01 / `S' n1 R3 /W Y02 / `S' n2

3 15600 2.40 ´ 10)7 0.77 2200 2.70 ´ 10)4 0.78

24 7200 6.80 ´ 10)7 0.76 2000 3.91 ´ 10)4 0.76

48 1420 2.90 ´ 10)6 0.76 1950 4.10 ´ 10)4 0.76

72 90.8 6.35 ´ 10)5 0.69 1953 4.29 ´ 10)4 0.74

96 95.5 5.03 ´ 10)5 0.71 1890 4.08 ´ 10)4 0.76

120 90.5 5.60 ´ 10)5 0.70 1725 6.20 ´ 10)4 0.76

144 ± ± ± 1700 5.90 ´ 10)4 0.77

192 ± ± ± 1710 6.10 ´ 10)4 0.76

360 ± ± ± 1710 6.15 ´ 10)4 0.80
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oxides on the electrochemical behaviour of these
specimens, in view of the low oxygen content found in
the ion implantation layer (Fig. 2).

The copper nitride formed during the implantation
process will constitute a protective barrier to the
anodic dissolution process of the metallic substrate,
this being important for delaying the corrosion.
Nevertheless, the high capacitance values calculated
from these Nyquist plots �C1 � 10ÿ6±10ÿ8 F) indicate
that this protective layer is neither continuous nor
compact. In fact, the results of the theoretical depth
pro®le model showed previously that the atomic
concentration of implanted nitrogen was less than 9%
for depths greater than 180 nm (Fig. 3). The thinness
of this protective layer is not su�cient to obtain a
continuous ®lm, but may be enough to improve the
corrosion resistance of the modi®ed copper surface,
as will be shown below.

The intersection point of the low frequency semi-
circle on the real axis for x! 0 is an important con-
stituent of the Nyquist plot. In general, the value of
this intersection point may be used to obtain the ap-
parent a.c. polarization resistance, Rp. Thus, for in-
stance, for an exposure to the electrolyte of 3 h, the a.c.
Rp value of 17 837 X for nitrogen-implanted speci-
mens and 1109 X for nonimplanted copper specimens.

Alternatively, Fig. 8 shows a potentiostatic plot in
which the variations in the response current are re-
presented against time for a 20 mV cathodic potential
step. The ratio between the applied potential and the
response current was used to obtain the d.c. apparent
polarization resistance values when the steady state is
reached. Except when measurements are made under
conditions far from the steady state, the apparent d.c.
Rp values obtained from the potentiostatic technique
virtually coincide with the apparent a.c. Rp values
[32]. In the case of the nitrogen-implanted copper
specimens, the results obtained with both techniques
coincide.

Figure 9 shows some results of the other d.c.
electrochemical technique applied to measure linear
polarization. In the case, the resultant current was

plotted against the potential using logarithmic scale.
The Rp was determined using a linear least-squares ®t
of data which is included in the model 352 software
package. The apparent d.c. Rp values obtained with
this technique agree again with those obtained with
the electrochemical impedance technique (EIS), pre-
senting the same order of magnitude and similar
evolution with immersion time as those obtained with
EIS.

Once the apparent Rp is known, the corrosion rate
may be calculated using the Stern±Geary equation
�icorr � B=RpS� [33], in order to obtain kinetic in-
formation about the corrosion process. For this
purpose, it may be assumed a B value of 0.026 V,
which is very commonly used [34]. Table 4 shows the
variations in the corrosion rate with the immersion
time, for both nonimplanted and nitrogen-implanted
copper specimens, respectively, in a 0.6 MM NaCl
solution. It may be observed that the icorr values for
nitrogen-implanted specimens are always lower than
for nonimplanted copper specimens, especially during
the ®rst 48 h of exposure to the electrolyte.

All these results indicate that the modi®cation of
copper surfaces by nitrogen ion implantation im-
proves the corrosion resistance of the as received
materials, although it would be necessary to optimize
some parameters of the ion implantation treatment in
order to further reduce the corrosion rate and im-
prove the corrosion resistance of these materials.

Fig. 8. Current±time response versus a 20 mV potential step for a
nitrogen-implanted copper specimen. Time setup: 2 min. Immer-
sion time: 15 d. Electrolyte: 0.6 MM NaCl.

Fig. 9. Linear polarization plots for nitrogen-implanted and non-
implanted copper specimens, respectively. Immersion time: 8 d.
Electrolyte: 0.6 MM NaCl.
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4. Conclusions

The electrochemical impedance spectroscopy has
been very useful for investigating both mechanism
and kinetic aspects related to the corrosion processes
developed on copper surfaces modi®ed by nitrogen
ion implantation.

For the nonimplanted copper specimens, the im-
pedance plots show a single semicircle which may be
ascribed to a charge transfer control of the corrosion
reaction which takes place on the metal surface. Al-
ternatively, the form of the Nyquist plots obtained
for the nitrogen-implanted specimens could indicate
that a mixed control (activation plus di�usion) takes
place during the corrosion process of these specimens.
Nevertheless, the parameter values obtained from
these impedance plots indicate that the high fre-
quency semicircle that appears in these plots is asso-
ciated with the protective properties of the surface
layer formed during the ion implantation process,
while the low frequencies semicircle has the same
physical meaning as the single semicircle appearing
for the nonimplanted specimens.

With regard to kinetic aspects, impedance spec-
troscopy and other electrochemical techniques ap-
plied in this study (potentiostatic and linear
polarization methods) show that the apparent cor-
rosion rate for the implanted specimens is always
lower than for the nonimplanted copper specimens.

All of these results con®rm that the surface mod-
i®cation by nitrogen ion implantation of copper
forms a protective surface layer which improves the
corrosion resistance of the as received material, a
feature of great interest for the design of new contact
materials for the electricity and electronic industries.
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Table 4. Variations of the corrosion rate (icorr) with the immersion

time, for nonimplanted and nitrogen-implanted copper specimens in a

0.6 MM NaCl solution

Exposure

time / h

Nonimplanted

specimens

icorr / lA cm)2

Nitrogen

implanted specimens

icorr / lA cm)2

3 31.6 2.0

24 40.2 3.9

48 40.3 10.3

72 39.8 17.0

96 39.0 17.5

120 39.4 19.1

144 40.3 20.4

192 40.3 20.3

360 40.5 20.3
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