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Abstract：The films deposited at low temperature (LT-films) have increasingly attracted theoretical and technical interests since such 

films exhibit obvious difference in structure and performances compared to those deposited at room temperature. Studies on the 

tribological properties of LT-films are rarely reported in available literatures. In this paper, the structure, morphology and tribological 

properties of Ag films, deposited at LT (166 K) under various Ar pressures on AISI 440C steel substrates by arc ion plating (AIP), are 

studied by X-ray diffraction (XRD), atomic force microscopy (AFM) and a vacuum ball-on-disk tribometer, and compared with the 

Ag films deposited at RT (300 K). XRD results show that (200) preferred orientation of the films is promoted at LT and low Ar 

pressure. The Crystallite sizes are 70 nm–80 nm for LT-Ag films deposited at 0.2 Pa and 0.8 Pa and larger than 100 nm for LT-Ag 

films deposited at 0.4 Pa and 0.6 Pa, while they are 55 nm–60 nm for RT-Ag films deposited at 0.2 Pa–0.6 Pa and 37 nm for RT-Ag 

films deposited at 0.8 Pa. The surfaces of LT-Ag films are fibre-like at 0.6 Pa and 0.8 Pa, terrace-like at 0.4 Pa, and sphere-like at 0.2 

Pa, while the surfaces of RT-Ag films are composed of sphere-like grains separated by voids. Wear tests reveal that, due to the 

compact microstructure LT-Ag films have better wear resistances than RT-Ag film. These results indicate that the microstructure and 

wear resistance of Ag films deposited by AIP can be improved by low temperature deposition.  
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1  Introduction 
 

Due to the property of low shear strength, Ag films have 
been widely used as solid lubricant to reduce friction and 
wear on contact surfaces of moving mechanical 
components in space environment[1]. The friction and wear 
performances of physical vapor deposited (PVD) Ag films 
are strongly dependent on its structure such as morphology [2], 
preferred orientation[3] and grain size[4], which is influenced 
significantly by deposition parameters such as substrate 
temperature[5] and gas pressure[6] etc. Therefore, to 
optimize deposition parameters of Ag films is of vital 
importance for obtaining desirable tribological properties. 

In recent years, the films deposited at low temperature 
(LT) have increasingly attracted theoretical and technical 
interests since such films exhibit obvious difference in 
structure and performances compared to those deposited at 
room temperature (RT)[7–14]. Sputtered Ni films at liquid 
nitrogen temperature and low Ar pressure showed excellent 
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(111) orientation and good crystallinity[7]. Ti70-Al30 films 
deposited at liquid nitrogen temperature exhibited dense 
nanocrystalline structure, whereas RT-films showed voids 
and discontinuities in their columnar grain morphology[8]. 
Fe films deposited at liquid nitrogen temperature had better 
crystallinity and much smaller coercive force than RT-Fe 
films[9]. The resistivity value of Au films deposited at liquid 
nitrogen temperature was more than four orders lower than 
that of RT-Au film[10]. The nucleation and growth mode of 
Ag films deposited at LT during the initial stage of film 
deposition were studied[15–19]. The thickness of soft metal 
films used as lubricant normally has to be much thicker 
than 100 nm[20]. The structure and tribological properties of 
Ag films were influenced by film thickness[20–21]. Our 
previous study[22] reported the effects of substrate 
temperature (130-217 K) and bias voltage on the preferred 
orientation and tribological properties of Ag films with a 
thickness of 646-838 nm, but the morphology of such 
LT-Ag films and its relationship with tribological properties 
were still uncovered. Further, the gas pressure effects on 
the structure and properties of LT-Ag films have been little 
reported. 

In this paper, Ag films are deposited on AISI 440C steel 
substrates at LT (166 K) under various Ar pressures by an 
AIP system. The effects of Ar pressure on the structure  
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and tribological properties of LT-Ag films are investigated 
and compared with RT-Ag films. 

 
2  Film Deposition and Characterization 

Experiment 
 

2.1  Film deposition 
Ag films are deposited on AISI 440C steel substrates 

(HRC 60, 25 mm´25 mm´5 mm) at 166 K (LT) and 300 
K (RT) under Ar pressures of 0.2 Pa, 0.4 Pa, 0.6 Pa and 0.8 
Pa by an AIP system with a sample holder cooled by liquid 
nitrogen, as illustrated in Fig. 1. A cylindrical Ag target 
with a purity of 99.95 wt. % and a diameter of 80 mm is 
used as arc cathode, and its surface is parallel to substrate 
surfaces. The distances between the target and substrates 
are 300 mm–318 mm. The substrates are surface-polished 
with abrasive paper, followed ultrasonically cleaned with 
acetone for 20 min, and then fixed on the sample holder 
surface. The surface roughness (Ra) of polished substrates 
is 0.06 m±0.02 m, measured by a NanoMap 500LS 
three-dimensional (3D) profilometer with a stylus tip in 
tapping mode. Substrate temperatures are measured by 
platinum resistors attached to the back of the substrates.  

Before deposition, the vacuum chamber is evacuated to a 
background vacuum below 6.0´10–3 Pa. The substrates are 
Ar ion etched at a bias of 800 V for 10 min, and then 
cooled by piping liquid nitrogen into the sample holder to 
desired temperatures. Detailed deposition parameters are 
listed in Table 1.  

 

 
Fig. 1.  Schematic illustration of the AIP system 

 
Table 1.  Film deposition parameters 

            Parameter Value 

Ar pressure p/Pa 0.2, 0.4, 0.6, 0.8 
Substrate temperature Ts/K 166, 300 
Substrate bias voltage VB/V 800 
Arc current IA/A 80 
Deposition duration t/min 10 
Film thickness /nm 600-650 

 

2.2  Structure and properties characterization 
The structure of the films is analyzed by an X-ray 

diffraction (XRD, Philips X’Pert Pro) with θ/2θ scanning 

pattern using Cu Kα radiation (λ=1.540 6 Å). The surface 
morphology is observed by an atomic force microscope 
(AFM, Nanoscope III). The friction and wear tests are 
performed by a vacuum ball-on-disk tribometer. The disks 
are the Ag films coated steel substrates. AISI 440C steel 
balls (HRC 60, Ra 0.10 μm) with a diameter of 8 mm are 
used as counterparts and cleaned with alcohol before each 
test. Test conditions: normal load of 2 N, rotational speed 
of 400 r/min, RT, and ambient vacuum 5´10–3 Pa. The 
wear tracks are analyzed by a scanning electron microscope 
(SEM, JSM-5600LV) coupled with an energy dispersive 
X-ray spectrometer (EDS, KEVEX). The wear volume loss 
is evaluated by a NanoMap 500LS three-dimensional (3D) 
profilometer with a stylus tip in tapping mode. The wear 
rates (K) are calculated using the equation of K=V·(F·S)–1, 
where V is the wear volume loss in mm3, F the normal load 
applied in N, and S the sliding distance in m. 

<

 
3  Results and Discussion 

 
3.1  Structure 

Fig. 2 (a) and Fig. 2 (b) exhibit the XRD patterns of LT- 
and RT-Ag films deposited under various Ar pressures. 
LT-Ag films show both (111) and (200) peaks, and the 
relative intensity of (200) peak is increased with decreasing 
Ar pressure. As the Ar pressure is decreased to 0.2 Pa, 
almost only (200) peak is observed, indicating an excellent 
(200) preferred orientation. The relative intensity of (200) 
peaks of RT-Ag films is lower than that of LT-Ag films 
and also shows a tendency to increase with decreasing Ar 
pressure. These results indicate that the films mainly show 
two types of grain orientation: (111) or (200) plane parallel 
to the substrate surface, and the latter is advanced at LT and 
lower Ar pressure. 

Preferred orientation degree of the films (P(hkl)) can be 
calculated by Eq. (1)[22] and the calculated (200) preferred 
orientation degree (P (200)) of both LT- and RT-Ag films 
is shown in Fig. 3. It can be seen that as the Ar pressure 
decreases from 0.8 Pa to 0.2 Pa, the P(200) of LT- and 
RT-Ag films increases from 1.21 to 1.99 and 0.97 to 1.34, 
respectively. This indicates that RT-Ag film deposited at 
0.8 Pa shows a much poor (111) preferred orientation 
(P(200) =0.97 1), other films exhibit (200) preferred 
orientation (P (200)> 1) and the P(200) is promoted at LT 
and low Ar pressure. Especially for LT-Ag film deposited 
at 0.2 Pa, the P(200) is close to 2.0, indicating an excellent 
(200) preferred orientation. 

<

 

 

1

0 01

( ) ( )1
( )

( ) ( )

n
i

i
i ii

I hkl I hkl
P hkl

I hkl n I hkl

-

=

é ù
ê= ê
ë û

å i ú
ú . (1) 

 
The average crystallite size can be estimated from the 

width at half maximum(FWHM) in the XRD pattern using 
Scherrer equation[22]: 
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), 

  
 D = K λ·(β·cos θ) –1, (2) 

 

 
where D is the crystallite size (nm), K Scherrer constant 
(0.89), λ the X-ray wavelength (1.540 6 Å), β the FWHM, 
and θ the diffraction angle. According to Eq. (2) and the 
FWHM of the (111) peaks in the XRD patterns, the 
crystallite sizes of the films are calculated. As shown in  
Fig. 4, the crystallite sizes are 70 nm–80 nm for LT-Ag 
films deposited at 0.2 Pa and 0.8 Pa. The crystallite sizes of 
LT-Ag films deposited at 0.4 Pa and 0.6 Pa exceed the 
calculation limit of Scherrer formula (<100 nm indicating 
that they are larger than 100 nm. Compared to LT-Ag films, 
RT-Ag films show small crystallite sizes about 58 nm at 
0.2 Pa–0.6 Pa and 37 nm at 0.8 Pa. 

 

 
(a) LT-Ag films 

 
Fig. 2.  XRD patterns of the LT- and RT-Ag films 

 

 
Fig. 3.  (200) preferred orientation P(200)  

of the LT- and RT-Ag films 

Fig. 4.  Crystallite sizes of the RT- and LT-Ag films 
 
Fig. 5(a–d) shows the AFM images of LT-Ag films 

deposited at various Ar pressures. Typical section analysis 
of the AFM image is shown in Fig. 5(e). It is evident that 
the surfaces of LT-Ag films are obviously influenced by 
the Ar pressure. The surfaces of LT-Ag films deposited at 
0.6 Pa and 0.8 Pa are composed of fibre-like grains. The 
section analysis reveals that the fibre-like grains are oblique 
to the substrate surface. As the Ar pressure is decreased to 
0.4 Pa, the film exhibits a terrace-like morphology. As the 
Ar pressure is further decreased to 0.2 Pa, the film surface 
shows a few sphere-like grains. AFM images of RT-Ag 
films are shown in Fig. 6. It can be seen that the surfaces of 
RT-Ag films are consisted of sphere-like grains separated 
by voids. 

 

 
Fig. 5.  AFM images of LT-Ag films and typical cross section 

profile(Image sizes are 2.0´2.0 m2 in lateral  
and 20 nm full scale in height) 
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Fig. 6.  AFM images of RT-Ag films(Image sizes are 2.0 m× 

2.0 m in lateral and 30 nm full scale in height) 
 
The structure of PVD polycrystalline metal films is 

strongly dependent on deposition parameters and described 
using a well-known structure zone model proposed by 
MOVCHAN and DEMCHISHIN[23] and developed by 
THORNTON[24], BARNA, et al[25], and ANDERS[26]. In 
this model, the film is characterized by different zones 
based on Ts/Tm (Ts is substrate temperature; Tm is melting 
point of metal). In zone I (0< Ts/Tm < 0.2), the film is 
composed of fibres which are growing uninterruptedly side 
by side. In zone T (0.2< Ts/Tm 0.4), the film is composed 
of V-shaped grains with domed tops separated by voids. In 
Zone II (Ts/Tm > 0.4) the film represents a homogeneous 
structure composed of columns penetrating from the 
bottom to the top of the film. In zone III, the film is 
characterized by equiaxed three dimensional grains. In 
present study, the surface features of LT-Ag films 
(Ts/Tm=0.13) deposited at 0.6 and 0.8 Pa suggests a zone I 
structure composed of uninterrupted fibres, mainly 
attributed to the lack of both surface and bulk diffusions[25]. 
The fibres have been growing in a direction oblique to 
substrate surface and hence the upper of the fibres is 
exposed on film surface and resulted in such surface feature. 
As the Ar pressure decreases to 0.4 Pa, the fibres are 
connected to form a piece because of the improved 
mobility of deposition atoms, and so the film shows a 
terrace-like surface. Further decreasing Ar pressure to 0.2 
Pa, the mobility of deposition atoms could be more 
remarkable, and so the film partially shows the surface 
features of zone T where the competitive grain growth 
results in V-shaped grains with domed tops separated by 
voids. The surface features of RT-Ag films (Ts/Tm=0.24) 
are typical for metal films in zone T due to the higher 
substrate temperature. The difference, that the growth of 
the fibre-like grains of LT-Ag films is uninterrupted while 

the growth of V-shaped grains of the RT-Ag films is 
interrupted, results in LT-Ag films with larger grain sizes 
than RT-Ag film. 

<

The preferential orientation of the films is a result of 
competition between the surface and strain energies, and 
the growing film develops into a crystallographic structure 
with minimum total system energy. For the fcc Ag crystal, 
(111) plane has the lowest surface energy, while (200) 
plane has the lowest strain energy[27–28]. Due to the 
minimization of surface energy, the Ag films normally 
shows (111) preferred orientation[29]. However, in this 
study, the LT-Ag films show excellent (200) preferred 
orientation, especially at low Ar pressure. At LT, the 
surface diffusion of deposition atoms is much insufficient 
and so the orientation of nuclei becomes random [25], 
resulting in accumulation of stress in the films. As the 
internal stress is accumulated enough, it would be released 
by strain, which induces reorientation of the crystallites. 
(200) plane of fcc Ag crystal have the lowest strain energy, 
so (200) orientation is preferred. The decrease in the P(200) 
with increasing Ar pressure is mainly attributed to the 
minimization of surface energy. The collision between the 
Ag and Ar ions is advanced by the increase in Ar pressure 
and simultaneously results in the energy loss of Ag ions [6]. 
As a result, the mobility of deposited Ag atoms at substrate 
surface is lowered. This is favored for growing of 
crystallites with (111) plane parallel to substrate surface 
due to (111) plane of fcc Ag crystal with the minimum 
surface energy, and hence the P(200) decreases with 
increasing Ar pressure. 

 
3.2  Tribological properties 

A vacuum ball-on-disk tribometer is used to evaluate the 
friction and wear of the Ag films. A typical sliding friction 
curve of the Ag film coated disk against steel ball is shown 
in Fig. 7. The friction curve of all the Ag films firstly 
shows a low and stable friction stage where the friction 
coefficient is at a range of 0.14–0.18. Afterwards, it 
exhibits a high and unstable friction stage with the mean 
friction coefficients of about 0.3, after which it shows a 
sudden increase in friction coefficient higher than 0.4, 
indicating the end of the film service life.  

 

 

Fig. 7.  Friction curve of Ag films deposited at LT and 0.6 Pa 
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After friction tests, the wear tracks on the Ag films 
coated substrate surfaces and corresponding wear scars on 
counterpart surfaces are observed by SEM. The element 
components of wear scars are also analyzed by EDS. 
Typical SEM and EDS results are shown in Fig. 8. It can be 
seen that after the low friction stage, the wear track is 
narrow and smooth, but the Ag film in the wear track 
region is almost exhausted and a great deal of wear debris 
can be observed on the wear scar surface. EDS result 
reveals that Ag content about 16.9 at. % is high at the wear 
scar area. It indicates that Ag transfer film is formed on the 
counterpart surface. After the total wear life, the wear track 
surface becomes relatively wide and the Ag transfer film is 
almost exhausted. These results indicate that at the low 
friction stage, the lubrication is provided by the Ag film 
and so the friction coefficient is low and stable. Meantime, 
the worn Ag gradually adheres to the counterpart surface to 
form a transfer film. As the Ag film is exhausted, the 
transfer film acts as a lubricating effect between the 
counterpart and bare substrate surfaces, but it will be 
insufficient at late stage, and hence the friction coefficient 
turns to high and unstable. As the lubricating effect of the 
transfer film fails, strong adhesive wear will occur between 
the bare substrate and counterpart surfaces, resulting in 
much high friction coefficient.   

 

 
Fig. 8.  Wear tracks of Ag film deposited at LT and 0.6 Pa, 

 and the corresponding wear scars and EDS spectra  
from counterpart surfaces 

 
Two sets of wear rates are calculated from the low 

friction stage and total wear life, respectively, shown in Fig. 
9. The wear rates of LT-Ag films are lower than those of 
RT-Ag films and the wear rates of the total wear life are 
lower than those at low friction stage. At LT, the lowest 
wear rate is obtained from the film deposited at 0.4 Pa, 
while the highest wear rate is obtained from the film 
deposited at 0.2 Pa. At RT, the lowest and highest wear 
rates are obtained from the films deposited at 0.6 Pa and 
0.2 Pa, respectively.  

 

 

Fig. 9.  Wear rates of the RT- and LT-Ag films 

 

The changes in the wear rates with the substrate 
temperature and Ar pressure are correlated with the 
structure of the films. AFM results reveal that RT-Ag films 
shows a zone T structure, composed of V-shaped grains 
separated by voids, suggesting a loose film structure. At 
lower pressure, volume of the voids should become large 
because the surface diffusion is improved while the bulk 
diffusion is strongly limited[26]. Therefore, the wear rates 
are relatively high and the highest wear rate was obtained 
from the RT-Ag film deposited at 0.2 Pa. However, the 
LT-Ag films deposited at 0.4 Pa – 0.8 Pa shows zone Ι 
structure, composed of uninterruptedly grown fibres side by 
side, and hence the voids in the films are suppressed. 
Correspondingly, the films are densified and show better 
wear resistances. LT-Ag film deposited at 0.2 Pa partially 
shows a zone T structure and so is accompanied with a 
relatively high wear. Furthermore, the wear rates of the 
total wear life being lower than those of the low friction 
stage indicates that the transfer films play an important role 
in reducing wear of the films. The wear rates of the low 
friction stage and total wear life show a similarly changed 
tendency with the Ar pressure, suggesting that better 
structure is also helpful for formation of the transfer film on 
the counterpart surface for further reduction of wear. 

 

4  Conclusions 
 

(1) The preferred orientation of Ag films deposited by 
AIP can be significantly influenced by substrate 
temperature and Ar pressure, and the (200) preferred 
orientation is promoted at LT and low Ar pressure so an Ag 
film with excellent (200) preferred orientation is obtained 
at LT and 0.2 Pa.  

(2) LT-Ag films mainly show a fibre-like grain structure, 
but it can be changed to V-shaped grain structure due to the 
decrease in Ar pressure or increase in substrate 
temperature. 

(3) The wear resistance of Ag films is mainly dependent 
on the compactness of their structure. LT-Ag films show 
compacter structure and so better wear resistance than 
RT-Ag films. 
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