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SURFACE  CHARACTERISTICS  OF  NITROGEN  AND
ARGON  PLASMA  IMMERSION  ION  IMPLANTATION  OF

Cu-Zr-Al  BULK  METALLIC  ALLOY
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Abstract. Plasma Immersion ion implantation (PIII) offers a technique for metallic glasses to im-
prove the surface properties. The (Cu50Zr50)92Al8 bulk metallic glass (BMG) has relatively high glass
forming ability (GFA), it is chosen for surface modification experiment. The influences of nitrogen
and argon ion implantation on (Cu50Zr50)92Al8 BMG were investigated. After PIII, the surfaces of
implanted samples remain amorphous except that ZrO2 formed on the surface. We observed Cu
and Al segregation beneath the top oxide layer after ion implantation.

1. INTRODUCTION

In recent years, it is known that metallic glasses
have attractive physical and chemical characteris-
tics such as high strength, hardness, toughness
and high corrosion resistance [1]. In order to use
the metallic glass in practical engineering applica-
tions, the resistance to environmental attack should
also be enhanced. Due to this reason, there is a
need of studying surface modification of metallic
glasses. PIII is a fast, cost-effective method which
can be used for modifying the surface properties
of many materials [2,3]. PIII offers a plasma treat-
ment in which the ion energy can be adjusted. By
choosing proper duty cycle and sample cooling or
heating, PIII can be conducted at designated work-
ing conditions. During PIII, surface absorption and
implantation as well as diffusion will take place si-
multaneously on the surface with a non-line-of-sight
characteristic [4]. There does not exist any abrupt
interface and film delamination is much less seri-
ous for an ion implanted surface when compare to
coating. Plasma treated surface has been shown
to enhance the hardness and wear resistance of

other materials without degrading the corrosion
resistance [4,5].

Previous paper has been revealed that among
(Cu

50
Zr

50
)

100-x
Al

x
 BMGs system (x = 0 and 3 ≤ x ≤

10 at.%) [6,7], the best GFA accompanied with
good mechanical properties was found at x = 8.
Hence the (Cu

50
Zr

50
)

92
Al

8 
BMG is chosen to per-

form the surface modification experiments. The
influences of nitrogen and argon pulsed ion implan-
tation with implantation voltages of 40 kV on
(Cu

50
Zr

50
)

92
Al

8 
BMG were investigated. The effect

of PIII on surface properties has been widely stud-
ied in many kinds of materials but seldom been
explored in BMGs. The aim of the present study is
to investigate the effect of PIII on the surface struc-
ture of Cu-Zr-Al BMG.

2. EXPERIMENTAL PROCEDURE

Alloy ingots of nominal compositions (Cu
50

Zr
50

)
92

Al
8

were prepared by arc melting mixtures of pure
metals with purities above 99.9% under a Ti-
gettered argon atmosphere. Each ingot was re-
melted four times and cast by suction of the melt
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Fig. 1. Schematic diagram of the plasma immer-
sion ion implantation instrument.

Fig. 2. XRD spectra of the untreated control, nitro-
gen and argon implanted (Cu50Zr50)92Al8 samples
with normal (θ-2θ) scan mode in the range of 2θ =
25° to 65°.

into a copper mold to obtain a 50 mm-long and 3
mm diameter cylindrical rod. The transverse cross-
sections of the as-cast samples were analyzed with
Siemens D500 X-ray diffractometer (XRD) with Cu
Kα radiation source (λ = 1.5406 Å). The thermal
properties of the as-cast samples were measured
diffraction scanning calorimeter (DSC) with a Perkin
Elmer DSC 7 under a purified nitrogen atmosphere
at a constant heating rate of 20 K/min. PIII of as-
cast (Cu

50
Zr

50
)

92
Al

8
 samples were performed with

radio-frequency (RF), by the inductively coupled
plasma (ICP) plasma immersion ion implanter in
the Plasma Laboratory of the City University of
Hong Kong [8]. A Schematic diagram of the equip-
ment is shown in Fig. 1. Prior to ion implantation,
Argon ion sputter cleaning was conducted on the
samples at 500 V for 5 minutes in the form of di-
rect current. Nitrogen and argon ion implantations
in the samples were conducted using a pulsed bias
of 40 kV for 1 hour. The frequency and pulse width
were 30 µs and 200 Hz, respectively. During the
PIII experiment, the working pressure was kept at
5.10-4 Torr. The bulk amorphous structure of the
implanted BMGs samples were confirmed with Si-
emens D500 XRD and Perkin Elmer DSC 7. Graz-
ing incidence X-ray diffraction (GIXRD) measure-
ments were performed with a Bruker D8 Advance
XRD equipped in the Chemistry Department of the
University of Hong Kong. The GIXRD uses Cu K
(alpha1, 2) radiation (λ=1.5406 Å). The elemental

depth profiles and chemical states were determined
by X-ray photoelectron spectroscopy (XPS) using
an ULVAC-PHI 5802 system electron spectrometer
installed with a monochromatized Al Kα radiation
(1486.6 eV).

3. RESULTS AND DISCUSSIONS

The XRD spectra of the untreated control, nitro-
gen and argon implanted samples with normal
(symmetric θ-2θ Bragg-Brentano) XRD scan mode
in the range of 2θ = 25° to 65° are shown in Fig. 2.
Broad diffuse peaks without substantial sharp peak
are observed in the spectra of the control and the
ion implanted samples, indicating that the bulk of
the implanted samples remain its amorphous state.

Fig. 3 shows the GIXRD spectra for the con-
trol, nitrogen and argon ion implanted samples, re-
spectively. The surfaces of the implanted samples
are detected by grazing incidence angle of 1°. It
can be seen that, on top of the amorphous diffuse
halo, there are three obvious peaks around 2θ =
30.3°, 50.4°, and 60.2° for nitrogen and argon ion
implantation samples. The samples after two types
of ion implantation are mixtures of a small amount
of crystallites and amorphous material. The main
peaks agree well with zirconium dioxide (ZrO

2
)

phase. The presence of surface oxides after nitro-
gen and argon ion implantation is attributed to the
existence of some residual oxygen in the implan-
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Fig. 4. DSC curves of as-cast and after nitrogen
ion implanted (Cu

50
Zr

50
)

92
Al

8
 samples.

tation chamber. This observation will be further in-
vestigated in XPS analysis. The penetration depth
of X-ray in ZrO2 phase is estimated to be 544 nm
at grazing incidence angle of 1° with the equation:

x p=− − ⋅ ⋅ +
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where x is the effective depth of penetration, p is
the fraction of signal from the layer of interest, µ is
the mass absorption coefficient and depends on
the composition (in cm2·g-1) and the wavelength of
X-ray (λ), g is the grazing incidence angle and θ is
the Bragg angle. Since an amorphous diffuse peak
can still be observed in the diffraction patterns of
the implanted samples in Fig. 3, the thickness of
the surface ZrO

2
 after implantation is much less

than 544 nm. This is consistent with the depth pro-
filing results in the following.

Fig. 4 exhibits the DSC curves of the
(Cu

50
Zr

50
)
92

Al
8
 sample before and after nitrogen ion

implantation. It can be seen that the enthalpy of
crystallization (∆H) and supercooled liquid region

Fig. 3. GIXRD spectra for the (a) control and (b)
nitrogen and (c) argon ion implantation samples in
the range of 2θ = 25° to 62°.

(∆T
x
) of the as-cast and implanted samples are

more or less the same within experimental error,
indicating that a large proportion of the sample re-
mains in amorphous state after PIII treatment. It
demonstrates that the amorphous structure in
metallic glasses can be retained after PIII under
appropriate conditions.

Fig. 5 shows the XPS depth profiles obtained
from the (a) untreated control, (b) nitrogen and (c)
argon ion implanted samples. The profiles have
been plotted on a depth scale based on sputtering
rates measured from a SiO

2
 reference under simi-

lar conditions. For the no-treatment control sample,
the depth profile reveals that there is only a thin
layer of oxide on the surface, and the concentra-
tion of Cu and Zr are more or less the same and
uniform throughout the sample. From the depth
profile of the nitrogen-implanted sample, it can be
clearly seen that the nitrogen depth profile re-
sembles a Gaussian distribution, Fig. 5d. The maxi-
mum concentration of the implanted nitrogen ion
is observed about 40 nm below surface. The con-
centration decreases gradually to 0 at.% at about
127 nm. The experimental results of N-implanta-
tion are compared with TRIM simulation [26] in Fig.
5d. Both curves fit very well to Gaussian distribu-
tion with similar level of skewness. The peak posi-
tions and widths are larger for the simulation re-
sults. This is not surprising because the sputtering
rate calibration was made with a SiO

2
 reference

and the experimental depth values are for com-
parison purpose only. In view of the similar profiles
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Fig. 5. XPS depth profiles of (a) untreated control,
(b) nitrogen and (c) argon ion implanted
(Cu

50
Zr

50
)

92
Al

8
 samples. (d) A comparison of the

experimental depth profile and TRIM [26] simula-
tion results for N-implantation.

Element  Surface       Atomic  Electro- Ionization Oxide form    Heat of
B.E. (eV)      radius negativity     potential (eV) [11] formation at
    [10]        (Å) [10]     [11]           1st 2nd             600K (kJ/mol)

       [12]

    Cu     3.49          1.28    
 
1.90         7.73         20.29      CuO     -154.01

    
 
Cu

2
O     -169.95

    
 
Zr     6.25          1.60     1.33         6.63         13.13      

 
ZrO

2
   -1094.97

    
 
Al     3.39          1.43     1.50         5.99         18.83      

 
Al

2
O

3
   -1675.35

Table 1. Properties of the constituents in Cu-Zr-Al bulk metallic glass.

of the two curves, it may be concluded that there
was no substantial diffusive migration of N in the
BMG during the implantation process.

For the argon-implanted sample, the argon con-
centration is about 3 at.% throughout the profile.
Since the XPS depth profiles were obtained using
argon ion (Ar+) source sputtering gun, during the
sputtering process, a little portion of Ar+ ion may
be trapped into the BMG, therefore some residual
argon is measured from the substrate. Only a shal-
low distribution of implanted argon ion was found
on the top surface of the sample. This is due to the
severe sputtering effect by argon ion, so that im-
plantation is prohibited.

It is interested to note in Figs. 5b and 5c that
while the concentration of Zr is nearly constant
throughout the whole implanted depth, no Cu and

Al was found in the topmost layer of the implanted
surface. The depletion of Cu and Al is thought to
be a result of selective sputtering by the plasma
ion. When comparing to Zr, both Cu and Al have
lower binding energies and smaller atomic sizes
as shown in Table 1, they are hence easier to be
knocked out from the surface by high energy
plasma ions. Besides, the affinity of oxygen to dif-
ferent elements was one of the key factors to in-
duce surface segregation [9]. The heat of forma-
tion of copper oxides is about –154 kJ/mol, while
that of ZrO

2
 is –1095 kJ/mol and Al

2
O

3 
is –1675 kJ/

mol. Hence, the formation of Al
2
O

3
 is energetically

preferred over that of Zr and Cu oxides. However,
Al has such a low surface binding energy that Al
has been knocked out from the surface. More im-
portantly, the low concentration of Al renders the



116 T. L. Cheung and C. H. Shek

Table 2. Peak position in experimental XPS spectra.

Element Spectral Line Formula Binding energy (eV) References

     Zr       3d5/2      Zr           178.52       [15]
     Zr       3d5/2    

 
ZrO

2
           183.3       [16]

     Zr       3d5/2   
  
ZrO

x
           178.8       [17]

     Zr       3d5/2    ZrN
x

           179.9       [18]
    Cu       2p3/2     Cu            932.8       [19]
     Al       2p3/2      Al             72.1       [20]
     Al       2p3/2   

 
Al

2
O

3
           74.93       [21]

     Al          2p              Al
2
O

3
/Al             75.6       [22]

     O          1s    ZrO
2

          531.23       [23]
     O          1s   

 
Al

2
O

3
           530.5       [24]

     N          1s      N3-            396.9       [25]

Fig. 6. XPS spectra of no treatment control (Cu
50

Zr
50

)
92

Al
8
 sample.



117Surface characteristics of nitrogen and argon plasma immersion ion implantation of Cu-Zr-Al bulk...

Fig. 7. XPS spectra of Zr 3d, Cu 2p3, Al 2p, N 1s and O 1s in N ion implanted (Cu
50

Zr
50

)
92

Al
8
 samples.

(The dotted lines are the deconvoluted ZrO
2
 and Al

2
O

3
 peaks from the solid line using the XPSPEAK41

program).

formation of surface aluminium oxide layer diffi-
cult, hence Zr is preferentially oxidized instead of
Al. This is believed to account for the suppression
of Cu and Al in the implanted region [4,13,14].

Chemical states of the surface compositions in
the no-treatment control and the nitrogen and ar-
gon PIII samples were studied by XPS spectra.
Table 2 gives the binding energies of the elements
and chemical compositions based on the XPS
spectra. Their binding energies are consistent with
those reported in previous studies. Fig. 6 shows
the analysis of the XPS spectra of the no-treat-
ment sample. The Zr3d spectrum reveals that the
topmost layer consisted of ZrO

2
 and ZrO

x
, while

the next 5 layers are identified as ZrO
x
. Due to the

abundant content of Zr, its low electronegativity and
relatively low heat of formation (-1095 kJ/mol) as
shown in Table 1, it is preferentially oxidized in air
and form the topmost ZrO

2
 layer. It is noticed from

the Al2p spectra that there is a trace amount of
Al

2
O

3
 formed throughout the sputtered layers. In

the O1s spectra, the ZrO
2
 peak dominates and

Al
2
O

3
 is too weak to be detected due to its low con-

centration. The pre-existed Al
2
O

3
 may be formed

in the raw material of Al with 99.9 at.% purity or
formed during the casting process due to its high

negative heat of formation (-1675 kJ/mol). The
Cu2p spectra shows no significant binding energy
shifting, indicates that Cu do not form bonding with
oxygen in the no-treatment sample.

Fig. 7 displays the XPS spectra of N1s, O1s,
Zr3d, Cu2p, and Al2p of the nitrogen ion implanted
sample. The first layers (4.73 nm/layer for SiO

2
) is

identified as correspond to ZrO
2
. The spectra of

the subsurface layers of around 90nm thick indi-
cate the possibility of the existence of ZrN

x
 in addi-

tion to ZrO
2
. The energetic nitrogen ions bombard

and transfer their energy to the target atoms in the
sample and thus enhancing the more reactive tar-
get atoms to form bond with nitrogen ions. Com-
paring the electronegativities and ionization poten-
tials (1st and 2nd) among the elements as shown in
Table 1. The smaller electronegativity and ioniza-
tion potential of Zr result in higher reactivity of the
elements. Combining the above two factors as well
as its abundant content, Zr is the most favorable
element to form bonding with other elements while
Cu and Al are relatively more inert. However, as
no nitride is observed by GIXRD in Fig. 3, it is esti-
mated that the amount of ZrN

x
, if exists, should be

small in the implanted layer. The inconsistency
among the results of XPS and GIXRD may be rec-
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Fig. 8. XPS spectra of Zr 3d, Cu 2p3, Al 2p, Ar 2p, and O 1s in Ar ion implanted (Cu
50

Zr
50

)
92

Al
8
 samples.

(The dotted lines are the deconvoluted ZrO
2
 and Al

2
O

3
 peaks from the solid line using the XPSPEAK41

program)

onciled by further experiments such as careful TEM
observation to determine whether the nitrogen ex-
ists in the ZrN

x
 form or simply as a solute in the

BMG matrix.
For the argon ion implanted sample, the XPS

Zr3d spectra in Fig. 8 shows the presence of ZrO
2

on the topmost 4 layers. The next 3 sub-surface
layers compose of ZrO

2
 and ZrO

x
, and the inner

layers are ZrO
x
 and Zr. The purpose of designing

argon PIII in metallic glass is to use the high en-

ergy argon ion (where argon is not reactive to form
bonding with other elements) to bombard and trans-
fer its energy to the 3 constituent elements in the
sample, so that they form bonding among them-
selves and form new phases. However the XRD
and XPS results show that there are no such ef-
fects. Only minor surface oxide is formed due to
the inevitable oxygen contamination in the PIII in-
struments.
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4. SUMMARY

The effect of PIII on the surface modification of
(Cu

50
Zr

50
)

92
Al

8
 BMG has been studied. The GIXRD

curves show that the surface structure of the
sample after ion implantation is crystallized, while
the overall matrix remains amorphous. The XPS
spectra reveal that for nitrogen and argon ion im-
planted samples, there is a layer of ZrO

2
 formed

on the surface. In the nitrogen ion implanted
sample, nitrogen enrichment is observed beneath
the topmost ZrO

2
 layer and the nitrogen concen-

tration depth profile resembles a Gaussian distri-
bution. Chemical state analysis results hint that ZrN

x

might have formed in the N-rich layers. Argon ion
implantation has no significant effect on the com-
position of the sample surface. The depth profile
depicts that surface segregation of Cu and Al due
to the selective sputtering effects.
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