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 A B S T R A C T

Frictional behavior of molybdenum thin films deposited by Glancing Angle Deposition (GLAD) was investigated 
at various deposition angles (𝛼) using single-scratch tests under different loads and directions. Films deposited 
at 𝛼 ≥ 50◦ developed elliptical columnar structures, resulting in orthotropic anisotropy due to direction-
dependent plastic deformation. Increasing the deposition angle enhanced intercolumnar porosity, thereby 
reducing both friction and anisotropy. Conversely, the film deposited at 𝛼 = 40◦ exhibited strong anisotropy 
and a non-Coulombic frictional response. Moreover, this film showed non-centrosymmetric behavior, requiring 
a non-linear model to accurately describe its frictional anisotropy.
1. Introduction

Since the first studies of friction, tribology has increasingly evolved 
to address complex phenomena such as friction anisotropy. This be-
havior, characterized by the presence of different friction responses 
depending on the sliding direction, can be naturally observed in single 
crystals [1,2], as well as in biological surfaces [3–5]. These surfaces 
were used as a basis for the development of various bio-inspired 
surfaces, which attempt to replicate them by introducing micro- and 
nanostructures in the surface material [6,7].

In recent decades, GLancing Angle Deposition (GLAD) has been 
shown to enable the creation of tilted columnar structures in thin 
films [8]. This technique is a Physical Vapor Deposition (PVD) version 
in which an additional glancing angle between the substrate and 
the target is applied. As a result, other phenomena, such as the so-
called shadowing and fanning effects, are present and considerably 
influence the morphology and crystallographic aspects of the GLAD 
films [9]. Furthermore, by tuning deposition parameters, the nanos-
tructures formed during the GLAD growth may be defined in a way 
to produce surface aspects similar to those observed on biological 
surfaces. However, despite this potential of the GLAD technique in 
obtaining friction anisotropy, studies on the mechanical and frictional 
properties of this type of films remain relatively limited.

In a recently published work, we have reported these limitations 
of the state-of-art and also showed the friction anisotropy of tungsten 
GLAD films by applying scratch tests in different scratching direc-
tions [10]. The anisotropic behavior is strongly dependent on morphol-
ogy of the films, and consequently on the deposition angle (𝛼). Two 
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anisotropic behaviors were identified. The first is non-centrosymmetric 
(between the directions along and against the columns tilt), and the 
second is orthotropic (between the directions perpendicular to the 
atom flux and the other directions). Post-scratching investigations 
showed that the orthotropic response of the films deposited at 𝛼 ≥
60◦ is controlled by the plastic deformation of the columns. A limited 
permanent deformation is observed when scratching at the direction 
perpendicular to the atom flux, resulting in larger friction coefficients. 
An analytical approach based-on a 1D mechanical model proposed in 
the study supports this conclusion.

In this context, the present study aims at assessing whether the oc-
currence and characteristics of friction anisotropy are material-
dependent by applying a similar methodological approach to a different 
metal: Molybdenum (Mo). It is well established that molybdenum 
enables the formation of well-defined nanostructures at high deposi-
tion angles [11–13]. Additionally, it exhibits significant thermal and 
mechanical stability during thin film growth, making it suitable for 
various electronic and optical applications [14–17].

Thus, a series of Mo films were deposited, varying the deposition 
angle (𝛼) from 0◦ to 85◦, followed by a detailed analysis of their 
morphological and crystallographic characteristics. Scratch tests were 
conducted using four normal load levels (𝐹𝑁 ) and eight scratching 
directions (𝜙) to evaluate the existence of anisotropic behavior. A 
data processing approach based-on linear and non-linear mathematical 
models enabled the description of the experimental results, allowing 
both the identification and quantification of friction anisotropy, as 
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well as the characterization of its symmetry properties. To ensure 
the reliability of the results, an uncertainty traceability assessment 
was performed, guaranteeing a 95 % confidence level in all analyses. 
Finally, post-scratch investigations established correlations between 
the frictional response and morphological characteristics, similar to 
those previously observed in tungsten films [10]. However, particular 
attention is given to one specific film that exhibits an atypical behavior.

2. Materials and method

A in-house designed DC magnetron sputtering system was used to 
deposit molybdenum films on silicon (100) substrates with a thickness 
of 525 μm and a surface area of 20 × 10 mm2. Prior to deposition, 
the substrates were ultrasonically cleaned in acetone and ethanol for 
10 min and subsequently dried using a N2 flux. A high-purity molybde-
num target (99.9 %) with a diameter of 51 mm was positioned 65 mm 
away from the substrate inside a vacuum chamber with a residual 
vacuum of approximately 10−5 Pa. The substrates were tilted at eight 
different deposition angles, 𝛼 = 0◦, 30◦, 40◦, 50◦, 60◦, 70◦, 80◦, and 
85◦. For all deposition conditions, the target current was maintained 
at 200 mA, while an argon flow rate of 2.6 sccm was used, resulting 
in a sputtering pressure of approximately 2.8 × 10−1 Pa. A thickness 
calibration was carried out to adjust the deposition time, ensuring that 
the resulting Mo films had an average thickness of 520 ± 50 nm. After 
deposition, the films were carefully wrapped in wipe paper, placed in 
an acrylic box, and stored in a vacuum-sealed bag under low vacuum 
to prevent contamination. The films were stored for one week before 
scratching tests and characterization.

Morphological characterization of all films was carried out using 
a Thermofisher Apreo S low-vacuum Scanning Electronic Microscope 
(SEM), analyzing both top and cross-section images. Film thickness (t) 
was measured using a Bruker Dektak XT profilometer equipped with a 
12.5 μm radius tip and a 45◦ cone angle. Nine thickness measurements 
were taken, uniformly distributed across both extremities, to assess 
potential variations along the sample length. Additionally, the films 
were cleaved using a diamond pen, ensuring that the film integrity 
was maintained during the process, and the inclination of the film 
structures relative to the substrate normal (𝛽) was determined. Ten 
independent measurements on different cross-section views of each film 
were performed.

Grazing-incidence X-ray diffraction (GIXRD) analyses were per-
formed using a Malvern Panalytical Aeris diffractometer with Cu-K𝛼
radiation (𝜆 = 1.5418 Å), operated at 30 kV and 10 mA. Measurements 
were collected at a fixed incidence angle of 0.8◦, within a 2𝜃 range 
between 20◦ and 90◦. To evaluate whether the Mo grains exhibited 
preferred orientations, pole figure measurements were conducted using 
a Bruker D8 Discover AXS diffractometer in 𝜃/𝜃 geometry with a 
parallel beam and a Co-K𝛼 source. In this analysis, the first two 
diffraction planes observed in the GIXRD patterns, (110) and (200), 
were examined. The sample surface normal angle (𝛺) varied from 0◦
to 360◦, while the tilt angle (𝜒 , measured relative to the vertical axis) 
ranged from 0◦ to 80◦, both with a step size of 1◦. The TEXEVAL 
software from Bruker AXS was used to apply defocalisation corrections 
and generate the pole figure representations.

2.1. Scratching tests

An Anton Paar GmbH Micro Scratch MST3 equipped with a custom 
sample holder was used to perform scratch tests at constant normal 
force. A spheroconical Rockwell diamond tip indenter (100 μm radius, 
120◦ conic angle) was used. Four different normal load values (𝐹𝑁 ) 
were selected: 1.50 N, 2.50 N, 3.25 N, and 4.00 N, corresponding to 
contact pressures between 7.2 and 18.3 GPa, estimated using the model 
proposed by Liu et al. [18]. These normal loads were carefully selected 
to avoid any degradation of the films.
2 
Each scratch test was conducted over a 0.5 mm single scratch 
length at a sliding speed of 6 mm/min under controlled room condi-
tions (relative humidity: 47 ± 2 %, temperature: 22.0 ± 0.6 ◦C). This 
scratch length corresponds to approximately eight times the contact 
diameter, ensuring effective pure sliding over the entire contact. The 
normal force and the projection of tangential force at the scratching 
direction (𝐹𝑁  and 𝐹𝑇 , respectively) were recorded using sensors with 
6 mN resolution. Three repetitions were performed for each condition, 
followed by a verification of the Coulomb’s law [19]. In line with 
the previous study [10], average 𝐹𝑇 ∕𝐹𝑁  values were calculated over 
a stable portion of the curves, and if these values were statistically 
equivalent for all applied 𝐹𝑁 , a Coulomb-type frictional response was 
confirmed, defining the friction coefficient as 𝜇 = 𝐹𝑇 ∕𝐹𝑁 .

For non-zero deposition angles (𝛼 ≠ 0◦), the films exhibit a tilted 
structure, even when a well-defined columnar formation occurs. This 
tilt is oriented toward the incident atom flux direction. To assess 
anisotropic frictional behavior, we defined scratching directions based 
on this structural inclination. Scratching along the tilt direction was 
assigned 𝜙 = 0◦, while the opposite direction was defined as 𝜙 = 180◦, 
as shown in Fig.  1(a). Six additional directions were established by 
rotating counterclockwise in 45◦ increments (Fig.  1(b)). The set of tests 
previously described was conducted for each of these eight 𝜙 values to 
systematically evaluate the influence of film orientation on frictional 
behavior. Moreover, an uncertainty traceability assessment, similar to 
that used in our previous study [10], was performed, ensuring a 95 % 
confidence level for all results.

2.2. Friction anisotropy

A linear model, similar to the one employed in the previous study
[10], is applied here to describe friction anisotropy. This model is 
grounded in the formulation proposed in [20,21], which extends
Coulomb’s law to a sliding regime, where the sliding direction is 
denoted by the vector 𝑣 =

[

cos(𝜙)
sin(𝜙)

]

. The model assumes a linear 
relationship for the friction force, 𝑓 (𝑣), as a function of 𝑣, expressed as 
𝑓 (𝑣) = |

|

𝐹𝑁
|

|

⋅𝑣, where  is a second-order tensor in R2. As suggested by 
Rodrigues et al. [10], although the tensor  may exhibit an asymmetric 
component, only its symmetric part, ̃, is probed during scratch testing. 
Consequently, a Singular Value Decomposition (SVD) of this symmetric 
component is employed to describe the directional dependence of the 
friction coefficient 𝜇(𝜙).
[

𝐶11 𝐶12
𝐶12 𝐶22

]

= ̃ =  ⋅  ⋅ 𝑡 =
[

cos(𝛾) − sin 𝛾
sin 𝛾 cos(𝛾)

] [

𝑔1 0
0 𝑔2

]

×
[

cos(𝛾) − sin(𝛾)
sin(𝛾) cos(𝛾)

]𝑡

(1)

𝜇(𝜙) = 𝐶11 cos2 𝜙 + 2𝐶12 cos𝜙 sin𝜙 + 𝐶22 sin
2 𝜙 (2)

A least-squares approach is used to fit with the linear model, which 
can be expressed using three parameters, either in the form of (𝐶11, 
𝐶12, 𝐶22) or, equivalently, as (𝛾, 𝑔1, 𝑔2). As the experimental data 
allow evaluation in eight 𝜙 directions, an overdetermined system is 
obtained. Following the approach of [10], the parameters 𝑔1 and 𝑔2
are obtained, and the normalized anisotropy degree is defined as 𝛥𝑔 =
2(𝑔1 − 𝑔2)∕(𝑔1 + 𝑔2). This scalar parameter quantitatively describes the 
degree of friction anisotropy, where an isotropic response corresponds 
to 𝛥𝑔 = 0.

Furthermore, the deviation between the linear model fit and the 
experimental data is evaluated using 𝑅 =  ⋅𝐶 𝑙𝑠𝑞 −𝜇.  is the matrix 
such that 𝑖1 = cos2 𝜙𝑖, 𝑖2 = 2 cos𝜙𝑖 sin𝜙𝑖 and 𝑖3 = sin2 𝜙𝑖, and 𝐶 𝑙𝑠𝑞
is the tensor containing the least-squares solution. 𝑅 is then applied to 
calculate the normalized residual 𝜂 =

√

𝑅𝑡𝑅
𝜇𝑡𝜇 .

This linear formulation inherently leads to centrosymmetric fit-
ting curves, as noted by [22], which means that it cannot describe 
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Fig. 1. (a) A schematic illustration shows the deposition angle, 𝛼, which results in a directional columnar growth aligned with the molybdenum atom flux. This 
column tilt serves as a reference to define the scratching directions: 𝜙 = 0◦ corresponds to scratching along the tilt direction, while 𝜙 = 180◦ corresponds to 
scratching against it. (b) All eight 𝜙 directions are established by rotating counterclockwise in 45◦ increments.
differences between opposite directions. To address this limitation, a 
non-linear model is introduced in this work by incorporating a third-
order tensor,  , enabling the representation of non-centrosymmetric 
behavior. In addition to the previous linear function, 
𝑓
(

𝑣
)

=
(

 ⋅ 𝑣 +  ∶ 𝑣𝑣
)

|

|

𝐹𝑁
|

|

(3)

As for the linear model, when a scratch tester is used, only the 
projection of the friction force along the scratching direction 𝑣 is 
measured. Thus, only the symmetric part of  , the tensor , is assessed. 
This tensor is fully symmetric and thus depends on four parameters 
such as: 111, 112 = 121 = 211, 122 = 212 = 221 and 222.

Following the same procedure as for the linear model, a projection 
is carried out using the least-squares method, now incorporating the 
four parameters defined for . These parameters play a key role in 
determining the curves non-centrosymmetry. The norm of , denoted 
as ‖‖, quantifies the extent of non-linearity in the model.

2.3. Post-scratch investigations

Focused Ion Beam (FIB) cross-sections were performed at the center 
of the scratches using a Zeiss Ultra 55 SEM-FEG FIB to conduct post-
scratch investigations. Procedures were carried out at 30 keV, with a 
protective platinum layer applied prior to surface etching, followed by 
a cleaning procedure for the cross-sections. They were then examined 
using Scanning Electron Microscopy (SEM). Given the expected varia-
tion in thickness for the films, especially those deposited at higher 𝛼
angles, FIB zones were selected in close proximity, within regions of 
similar thickness.

3. Results and discussion

3.1. As-deposited Mo films

Table  1 shows the film thickness, column tilt angle (𝛽), and growth 
rate for all the considered films. As 𝛼 increases, the corresponding 𝛽
values also increase. Although a clear relationship between 𝛼 and 𝛽 is 
observed, it appears non-linear. However, none of the models reported 
in literature [23,24] may be directly applied to the present results. 
This is expected, as 𝛽 is known to depend on various empirical factors, 
including material and sputtering pressure [9,25–27].

Fig.  2 shows both surface and cross-sectional views of Mo films 
deposited at 𝛼 = 0◦, 40◦, 50◦ and 85◦, with the yellow arrow indicating 
the direction of the atom flux during deposition (see Section 1 of 
supplementary information for all films). Cross-section views confirm 
the presence of a columnar structure for all 𝛼 angles, along with notable 
variations in film porosity and morphology. Films deposited at 𝛼 = 0◦
and 30◦ exhibit a dense and compact structure, despite the columnar 
growth. In these cases, the atoms possess sufficient energy to promote 
the coalescence of the individual structures during GLAD deposition.

Fig.  3(c) and (d) show that above 𝛼 = 40◦, the morphology 
changes considerably. Although the structure remains relatively dense, 
3 
Table 1
Summary of molybdenum films deposited by GLAD at various deposition 
angles.
 Deposition 
angle, 𝛼 (◦)

Deposition 
time

Thickness 
(nm)

Growth rate 
(nm/h)

Column 
angle, 𝛽 (◦)

 

 0 17′15′′ 484 ± 6 1648 ± 21 0.8 ± 0.9  
 30 19′40′′ 486 ± 21 1482 ± 64 12.3 ± 3.1  
 40 21′48′′ 546 ± 28 1502 ± 77 21.4 ± 3.1  
 50 24′45′′ 570 ± 12 1382 ± 29 26.3 ± 1.7  
 60 28′35′′ 568 ± 17 1192 ± 36 29.7 ± 1.3  
 70 37′46′′ 558 ± 39 886 ± 62 34.5 ± 2.2  
 80 56′30′′ 495 ± 31 525 ± 33 38.1 ± 1.3  
 85 78′43′′ 502 ± 50 383 ± 38 42.1 ± 1.3  

the columns appear randomly oriented, and no consistent column 
apex shape is observed. When 𝛼 reaches 50◦, a significant increase in 
porosity is observed, with column apexes becoming more elongated in 
the direction perpendicular to the atom flux, which corresponds to 𝜙
= 90◦/270◦. Beyond 𝛼 = 50◦, increasing the deposition angle results 
in higher porosity and even more pronounced column elongation. 
This morphological evolution is typically observed for GLAD films of 
different materials. It has been closely associated to the shadowing 
effect [26,28–32]. This phenomenon results directly from the geometri-
cal configuration of GLAD deposition [9], and this range of deposition 
angles is cited as critical for 𝛼 ≤ 60◦ [33]. That was confirmed in our 
recent study on W films [10]. However, in contrast to this observation, 
the Mo films investigated herein exhibit significant morphological 
changes due to the shadowing effect starting from 𝛼 = 50◦.

Considering that identical deposition parameters were applied to 
both Mo and W films, this difference can reasonably be attributed to 
intrinsic material properties, such as the lower atomic mass of Mo 
compared to W, which enhances surface mobility and allows them to 
diffuse toward less-shadowed regions. As a result, at larger 𝛼 angles, 
a more pronounced fanning effect is observed, characterized by highly 
elongated columns oriented perpendicular to the atom flux. This leads 
to a ‘‘worm-shaped’’ aspect of the column tops, as observed for the 
red-highlighted column in Fig.  2(g).

Fig.  3 presents the XRD patterns for the Mo films, with diffraction 
peaks corresponding to Bragg reflection planes (110), (200), (211) 
and (222), all of which are associated with the body-centered cubic 
(bcc) Mo phase. This observation is consistent with reports in the 
literature [34–39]. According to Liedtke et al. [36], the (110) plane is 
thermodynamically favored due to its lowest surface energy. However, 
as 𝛼 increases, the number of atoms arriving at the substrate with 
trajectories favorable to forming this plane may decrease, potentially 
leading to the development of a bi-axial texture [34].

This behavior has been reported in previous studies of Mo films 
deposited at angles 𝛼 = 30◦, 45◦, 60◦, 85◦ [13]. In agreement with 
these findings, the present study also shows that the (110) reflection 
remains the most intense across all films. Nevertheless, a marked 
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Fig. 2. Surface and cross-section views by SEM of molybdenum films de-
posited at different deposition angles. (a)–(b) 𝛼 = 0◦, (c)–(d) 𝛼 = 40◦, (e)–(f) 
𝛼 = 50◦ and (g)–(h) 𝛼 = 85◦. The yellow arrows indicate the direction of the 
molybdenum atom flux during GLAD deposition.

reduction in peak intensity is observed at the largest 𝛼 values (80◦ and 
85◦), indicating a possible shift in preferred orientation and potential 
reduction of the crystal size at extreme obliqueness. This is confirmed 
by the fact that the (211) plane started to be more present. This change 
may be attributed to the increasing dominance of shadowing effect 
at higher deposition angles, which tilts the crystallographic orienta-
tion away from direction perpendicular to the substrate surface. At 
lower angles, some degree of recrystallization and surface mobility may 
occur, resulting in fewer changes in orientation [34].

Fig.  4(a) and (b) present the (110) pole figures for the films de-
posited at 𝛼 = 0◦ and 80◦, respectively. Since the (110) plane is 
energetically favored in Mo thin films [36], a growth orientation along 
this plane is expected for perpendicular deposition (𝛼 = 0◦). This is 
confirmed by the centered distribution observed in the (110) pole figure 
of the film deposited at 𝛼 = 0◦ (Fig.  4(a)), indicating that the (110) 
planes lie parallel to the substrate. A similar result was reported by 
Chen et al. [13] for Mo films deposited at normal incidence, attributing 
this configuration to the interfacial energy minimization that promotes 
(110) orientation, even in the absence of grain recrystallization.

The film deposited at 𝛼 = 80◦ exhibits one pole centered at ap-
proximately 𝜒 = 28◦ and two additional poles around 𝜒 = 35◦. This 
suggests that the (110) planes are inclined at an angle close to 𝛽, which 
was measured to be 38.1◦ ± 1.3◦. Moreover, considering that the angle 
between the (110) and (111) planes in a bcc is about 35.3◦, it can be 
inferred that the (111) plane lies approximately parallel to the substrate 
surface, as illustrated in Fig.  4(b).
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For the film deposited at 𝛼 = 40◦ (Fig.  5(a) and (b)), the pole 
figures for the (110) and (200) planes show a different behavior. 
Two distinct grain orientations are identified within the (110) plane 
family, appearing at inclination angles of 𝜒 = 20◦ and 𝜒 = 12◦, 
which correspond to the (110) and (–110) planes, respectively. The first 
group exhibits a crystallographic orientation where the (110) planes 
are inclined by a value that closely matches the measured column 
tilt angle 𝛽 of this film (21.4◦ ± 3.1◦). The second group displays a 
tilt of approximately 12◦ with respect to the substrate normal. This is 
corroborated by the (200) pole figure, which shows a pole at 𝜒 = 33◦. 
The sum of these angles, 33◦ +12◦ = 45◦, is consistent with the known 
angular separation between the (110) and (200) planes, as illustrated 
in Fig.  5(c). However, contrary to the pole figures of films deposited 
at 𝛼 = 0◦ and 80◦, the azimuthal positions of the poles for the film 
deposited at 𝛼 = 40◦, are located at approximately 𝛺 ≈ 65◦ and 245◦, 
indicating that the (110) planes are inclined relative to the direction of 
the incident Mo atom flux.

3.2. Friction behavior

A preliminary analysis was conducted to compare the friction re-
sponses at different 𝐹𝑁  (1.50 N, 2.50 N, 3.25 N, and 4.00 N) for all 
𝛼 angles and 𝜙 directions. Fig.  6 presents the 𝐹𝑇 ∕𝐹𝑁  average values
vs. scratching directions curves, for Mo films deposited at 𝛼 = 0◦, 
40◦, and 85◦. Each symbol marker denotes the average 𝐹𝑇 ∕𝐹𝑁  value 
obtained from scratch tests, while the solid lines represent the fit curves 
based on the linear model. For films deposited at 𝛼 = 0◦ and 85◦, the 
curves corresponding to different 𝐹𝑁  values largely overlap, indicating 
that the friction response remains independent on the applied normal 
load. This behavior suggests that these films adhere to Coulomb’s law, 
thus 𝜇 = 𝐹𝑇 ∕𝐹𝑁 . A similar trend was observed for all films, with the 
exception of the film deposited at 𝛼 = 40◦. As it can be seen in Fig. 
6, the data points deviate from the linear fit and, for a given normal 
force, require the non-linear model for accurate fitting. Furthermore, at 
𝛼 = 40◦, the 𝐹𝑇 ∕𝐹𝑁  value increases with higher 𝐹𝑁 , particularly in the 
directions 𝜙 = 0◦, 45◦, and 315◦, indicating a deviation from Coulomb’s 
law behavior and a non-centrosymmetry.

We thus distinguished films with Coulombic and non-Coulombic 
friction behaviors in the following.

3.2.1. Mo films with Coulomb’s frictional behavior
Fig.  7 presents the 𝜇(𝜙) polar plots obtained from the scratching 

tests performed at 𝐹𝑁 = 3.25 N on the Mo films that follow Coulomb’s 
law. The dotted lines represent the 95 % confidence intervals for 
the friction coefficient values. A first observation is that, under the 
conditions applied in this study, the friction coefficients of all films 
remain relatively low for dry friction, with values of 𝜇(𝜙) ≤ 0.06. The 
films are then grouped according to the shape and symmetry of their 
curves, as well as their 𝛥𝑔 (Fig.  8) and residuals values (Fig.  9). The 
classification terminology applied here is consistent with that used in 
our previous study [10].

1. 𝛼 = 0◦: Isotropic behavior confirmed by circular shaped curve, 
lower residuals and lower 𝛥𝑔 values.

2. 𝛼 = 30◦: Despite exhibiting a nearly circular shape curve, low 
residuals, and a small 𝛥𝑔 value, a statistically significant differ-
ence in friction coefficient (𝜇) is observed between the directions 
𝜙 = 0◦ and 180◦. This indicates a slight non-centrosymmetric 
anisotropy in the tribological response of the film.

3. 50◦ ≤ 𝛼 ≤ 85◦: Although variations in 𝜇 levels, curve shapes, and 
𝛥𝑔 values, all films within this range exhibit orthotropic behav-
ior. This is characterized by the distinctive ‘‘peanut-shaped’’ 𝜇(𝜙)
curves: Lower 𝜇 values occur at 𝜙 = 0◦ and 180◦, intermediate 
values at 𝜙 = 45◦, 135◦, 225◦, and 315◦, and the highest values 
at 𝜙 = 90◦ and 270◦. The film deposited at 𝛼 = 50◦ presents 
the most pronounced anisotropy, with 𝛥𝑔 = 0.72 ± 0.06, which 
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Fig. 3. XRD patterns of molybdenum films deposited at various deposition angles. Silicon and body-centered cubic (bcc) Mo phase are identified.

Fig. 4. Pole figures and schematic representations of the preferred grain orientations for Mo films deposited at (a) 𝛼 = 0◦ and (b) 𝛼 = 80◦. Yellow arrows indicate 
the direction of the Mo atom flux during deposition.

Fig. 5. Pole figures of (a) (110) and (b) (200) planes of the Mo film deposited at 𝛼 = 40◦, as well as (c) schemes representing preferred orientation of the two 
grain groups in a column. The yellow arrows indicate the Mo atom flux.
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Fig. 6. Results for the Mo films deposited at 𝛼 = 0◦, 40◦ and 85◦. The friction coefficients (𝜇) obtained for each normal load (𝐹𝑁 ) are evaluated for all scratching 
directions (𝜙).
gradually decreases to 𝛥𝑔 = 0.47 ± 0.07 for the film deposited 
at 𝛼 = 85◦. Moreover, a notable reduction in overall 𝜇 levels 
is observed: From approximately 0.05 in the 𝜙 = 90◦/270◦
directions for 𝛼 = 50◦, down to 0.03 for the same directions at 
𝛼 = 85◦.
Furthermore, some films exhibit slightly non-centrosymmetric 
responses in 𝜇 values between specific scratching directions: (i) 
For films deposited at 𝛼 = 50◦ and 80◦, differences are observed 
between the 𝜙 = 90◦ and 270◦ directions, and (ii) for the film 
deposited at 𝛼 = 60◦, a discrepancy is evident between the 𝜙
= 0◦ and 180◦ directions. Finally, the inclination of the fitting 
curves, defined by the parameter 𝛾, is close to 90◦ for all films, 
which confirms the presence of strong orthotropy associated to 
the columns preferred orientation.

Similarly to W films [10], in contrast to what is generally suggested 
in the literature [11,40–43], the dominant friction anisotropy observed 
in the Mo films investigated in this study, under the applied contact 
conditions, is orthotropic. This anisotropy is even more pronounced 
than that reported for W films [10], as evidenced by the higher 𝛥𝑔
values observed herein. The other slight anisotropies observed, either 
between 𝜙 = 0◦ and 180◦, or between 𝜙 = 90◦ and 270◦, are far 
less prominent, with differences close to uncertainty intervals. Despite 
minor variations in the crystallographic characteristics revealed by XRD 
patterns and the presence of preferred grain orientations shown in 
the pole figures, no direct correlation was found between crystallogra-
phy and frictional behavior. Instead, the primary factor governing the 
presence or absence of friction anisotropy is the film morphology.

The film deposited at 𝛼 = 0◦, due to its dense and fibrous morphol-
ogy, responds as a bulk film, i.e., isotropic. For the film deposited at 
𝛼 = 30◦, the possible explanation for its slight non-centrosymmetric 
behavior is double. Firstly, as suggested by the literature [11,40–43], 
the columns tilt pointing towards the atom flux induces an anisotropy 
between 𝜙 = 0◦ and 180◦. However, upon closer observations, the 
surface of this film presents overlapping columns, forming a ‘‘fish scale’’ 
aspect that may have influenced the frictional response (Fig.  10). Some 
authors have suggested that not only mechanical, but also frictional 
anisotropy can be obtained by using similar bio-inspired ‘‘fish scale’’ 
features on surfaces [44–47].

For the films deposited at 50◦ ≤ 𝛼 ≤ 85◦, the morphological in-
fluence arises from a combination of column top geometry and the 
variation in intercolumn voids volume. As suggested in a previous 
study [10], the preferential elongation of column tops in the direc-
tion perpendicular to the incident atom flux, corresponding to 𝜙 =
90◦ and 270◦, results in distinct deformation modes within the film. 
The presence of elliptical column structures, as observed in Mo films 
deposited within this 𝛼 range, promotes the formation of so-called 
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‘‘chain columns’’. This phenomenon has been reported as a key factor 
contributing to the anisotropic behavior of various physical properties 
in GLAD films [31,48–50].

Fig.  11 illustrates that when the indenter scratches along the di-
rections 𝜙 = 0◦ and 180◦, the columnar structures exhibit greater 
deformation due to the higher porosity aligned with these orientations. 
In these directions, the intercolumn voids allow the individual columns 
to bend and lean onto adjacent ones, and under the severe contact 
conditions applied in this study, undergoing plastic deformation (Fig. 
11(a)). In contrast, when scratching occurs along 𝜙 = 90◦ and 270◦, 
the columns are more closely packed, leading to earlier mechanical in-
teraction with neighboring columns. This restricts the extent of plastic 
deformation, resulting in increased reaction forces and, consequently, 
higher friction coefficients (Fig.  11(b)).

This behavior is consistent with the post-scratch analysis of W films 
from our previous study [10], where distinct deformation modes were 
observed when scratching along the 𝜙 = 0◦ and 90◦ directions. In that 
study, a 1D mechanical model proposed provides an analytical support 
for the role of plastic deformation as a factor responsible for reducing 
the friction coefficient at directions 𝜙 = 0◦ and 180◦. In fact, scratching 
along the 𝜙 = 90◦ and 270◦ directions leads to a larger column–column 
contact amount, which reduces deformation. As a result, the film offers 
greater resistance to the indenter, and consequently, higher friction 
coefficients are observed in these directions.

However, a notable distinction from the W film results [10] is the 
overall decrease in both the friction coefficient (𝜇) and the anisotropy 
degree (𝛥𝑔) across the range 50◦ ≤ 𝛼 ≤ 85◦ (Figs.  7 and 9). For W films 
exhibiting orthotropic behavior, the only sample with a lower 𝛥𝑔 was 
that deposited at 𝛼 = 60◦ (0.26 ± 0.02), whereas films deposited at 
70◦ ≤ 𝛼 ≤ 85◦ showed statistically equivalent values of approximately 
0.35. These values are considerably smaller, and no reduction trend 
was observed compared with those obtained in the present study for 
𝛼 ≥ 50◦. A plausible explanation for this behavior lies in the increased 
volume of intercolumnar voids in the Mo films, which may reduce 
the directional dependence of deformation and friction by promoting 
a more homogeneous mechanical response across different scratch 
orientations.

Fig.  12 presents FIB cross-sections of the Mo films deposited at 𝛼 =
60◦ and 80◦, highlighting three distinct zones: The as-deposited region 
and two regions submitted to scratching at 𝜙 = 0◦ and 𝜙 = 90◦. For 
the film deposited at 𝛼 = 60◦, only a modest reduction in overall film 
thickness is observed, with the region scratched at 𝜙 = 0◦ exhibiting 
more pronounced deformation. In contrast, the region scratched at 𝜙
= 90◦ shows columns that appear more separated and that retain a 
morphology closer to that of the as-deposited structure. Additionally, 
columns in the region scratched at 𝜙 = 0◦ show a higher degree of 
inclination relative to the substrate normal after scratching (𝛽′ = 42.1◦
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Fig. 7. Friction coefficients as a function of scratching directions, 𝜇(𝜙), for 
Mo films with Coulomb’s frictional response deposited at various deposition 
angles, 𝛼, with 𝐹𝑁 = 3.25 N. The symbols represent the experimental data. 
The solid line is the fit obtained via the linear model, and the dotted lines 
represent the 95 % confidence interval.

± 2.3◦) compared to those scratched at 𝜙 = 90◦ (𝛽′ = 33.8◦ ± 3.0◦), 
indicating greater plastic deformation. Interestingly, the post-scratch 
column inclination at 𝜙 = 90◦ is statistically comparable to the 𝛽 angle 
measured for the as-deposited film at 𝛼 = 60◦ (𝛽 = 29.7◦ ± 1.3◦), 
suggesting that scratching along this directions leads to lower plastic 
deformation. These inclination angles were determined by averaging 
10 measurements based-on the main axis orientation of the columns.

For the Mo film deposited at 𝛼 = 80◦, distinct deformation behaviors 
are observed between the scratching directions 𝜙 = 0◦ and 90◦, due to 
the column-chain effect. A pronounced degree of plastic deformation is 
evident, as indicated by a reduction of approximately 130 nm in film 
thickness when comparing the as-deposited and scratched regions. This 
reduction is notably greater than that observed for the film deposited at 
𝛼 = 60◦, which can be attributed to the greater amount of intercolumn 
voids present in the 𝛼 = 80◦ film. Despite the increased porosity, 
no significant difference in thickness is observed between the regions 
7 
Fig. 8. Anisotropy degree, 𝛥𝑔, obtained using the linear model parameters for 
all molybdenum films with Coulomb’s frictional behavior deposited at different 
deposition angles (𝛼) and scratched with normal load 𝐹𝑁 = 3.25 N.

Fig. 9. Residuals (𝜂) of the linear model for the 𝜇(𝜙) curves of molybdenum 
films with Coulomb’s frictional behavior and scratched with normal load 𝐹𝑁
= 3.25 N.

Fig. 10. A surface view of the Mo film deposited at 𝛼 = 30◦, exhibiting in 
detail the presence of a ‘‘fish scale’’ pattern in the direction of the flux atom, 
indicated by the yellow arrow.
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Fig. 11. Schemes of top and scratching directions views summarizing mechanisms associated with the friction anisotropic behavior for Mo films scratched along 
(a) 𝜙 = 0◦ and 180◦ directions, and (b) 𝜙 = 90◦ and 270◦.
Fig. 12. FIB cross-section views of Mo films deposited at 𝛼 = 60◦ and 80◦, in an as-deposited and scratched zones at 𝜙 = 0◦ and 90◦. These scratching direction 
are indicated by the blue arrows.
scratched at 𝜙 = 0◦ and 90◦, in contrast to the behavior of the 𝛼 = 60◦
film. This suggests that the highly porous structure of the 𝛼 = 80◦ film 
may facilitate more uniform deformation across different directions.

As previously discussed and further evidenced by the FIB cross-
sections, it is clear that the void amount increases substantially with 
increasing 𝛼, accompanied by a morphological evolution of the columns 
8 
into a ‘‘worm-shaped’’ structure. This transition results in a significant 
rise in overall porosity. At high 𝛼 values, the porosity becomes so 
pronounced that it appears to reduce the effectiveness of the ‘‘column-
chain’’ effect, thereby contributing to a decrease in the degree of 
anisotropy. Furthermore, this extensive porosity may also account 
for the overall reduction in friction coefficient (𝜇) levels, as less 
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Fig. 13. Friction coefficient as a function of scratching directions (𝜇(𝜙)) curves for the film deposited at 𝛼 = 40◦ scratched with the four normal loads 𝐹𝑁 , and 
fitted using the non-linear approach. The ‖‖ and ‖‖ values obtained by the non-linear model are presented for each 𝐹𝑁 .
intercolumnar interactions across all scratching directions are present, 
which may reduce lower friction forces during scratch. This behavior 
can be explained by the 1D mechanical model proposed in a previous 
study [10] by including a slight modification. In that model, it is 
assumed that the second accommodation mechanism develops along a 
characteristic distance 𝑝, which may be defined based on morphology 
as the distance between adjacent columns. A potential way to improve 
this approach could involve modifying these limit conditions by in-
troducing additional variables that account for other morphological 
features, such as column shape and inter-column interactions.

The slight anisotropies observed for films deposited at 𝛼 = 50◦, 60◦, 
and 80◦ remain an open question. A plausible explanation may lie in 
the morphological characteristics of the films. It is possible that features 
such as the tilt of the columnar axes and the concave geometry of 
the column tops, curved toward the direction of the incoming atom 
flux, may introduce asymmetries. These morphological asymmetries 
could influence the mechanical response during scratching, thereby 
contributing to the observed subtle anisotropic friction behavior.

3.2.2. Mo film deposited at 𝛼 = 40◦
As previously mentioned, the Mo film deposited at 𝛼 = 40◦ does not 

strictly adhere to Coulomb’s law and exhibits a non-centrosymmetry, 
which necessitates a complementary approach beyond the linear model. 
Fig.  13 thus presents the 𝜇(𝜙) polar plots for the Mo film deposited 
at 𝛼 = 40◦, and obtained using the non-linear model. A substantial 
improvement in the fitting accuracy is observed compared to the results 
obtained using the linear model (to see Fig.  6). Notably, the residual 
for the curve corresponding to 𝐹𝑁 = 4 N decreases from 0.23 to 
0.08, highlighting the enhanced capability of the non-linear model to 
more accurately capture the experimental friction behavior under this 
deposition condition.

In the 𝜇(𝜙) curves for the film deposited at 𝛼 = 40◦, a pronounced 
asymmetry is observed relative to the 90◦/270◦ axis, while a notable 
symmetry is maintained with respect to the 0◦/180◦ axis, particu-
larly at higher 𝐹𝑁  values. These results further emphasize the non-
Coulombic behavior of the film, characterized by a frictional response 
that is strongly dependent on the applied normal load. Additionally, 
significant differences are observed between the following opposing 
directions: 𝜙 = 0◦ and 180◦, 𝜙 = 45◦ and 315◦, and 𝜙 = 225◦ and 
135◦. Interestingly, the only directions exhibiting statistically similar 𝜇
values are 𝜙 = 90◦ and 270◦.

As previously discussed, the norm ‖‖ provides a quantitative mea-
sure of the non-linearity magnitude in the 𝜇(𝜙) curves. The results show 
that   increases with the applied normal load 𝐹  (rising from 0.005 
‖ ‖ 𝑁

9 
to 0.017), while ‖
‖

̃‖
‖

 are close for all normal loads. This indicates an 
increase of ‖‖ compared to ‖

‖

̃‖
‖

, indicating that higher loads amplify 
the non-linearity of the frictional response. In other words, larger values 
of the tensor ‖‖ were required for the non-linear model to adequately 
fit the experimental data at higher 𝐹𝑁 , thereby minimizing the resid-
uals of the fitted curves. This trend supports a link between the film’s 
non-Coulombic frictional behavior and its anisotropic characteristics, 
as reflected by the increasingly pronounced deviation of the friction 
response from the orthogonal axes (0◦/180◦ and 90◦/270◦).

Furthermore, the 1D mechanical model proposed by Rodrigues 
et al. [10] does not account for any potential increase in friction 
coefficients, in relation to 𝛼 = 0◦, due to morphological factors. The sec-
ond identified accommodation mechanism, plastic deformation, only 
contributes to the reduction of 𝜇. Therefore, the friction behavior and 
strong anisotropy observed in the film deposited at 𝛼 = 40◦ must 
involve additional mechanisms beyond the porosity and its influence 
on the deformation modes.

A comparative analysis of the surface morphologies of the films 
deposited at 𝛼 = 30◦, 40◦, and 50◦ reveals that this angular range 
is critical for Mo films fabricated under the specific GLAD conditions 
employed in this study. As previously shown in Fig.  2(c) and (e), 
and Fig.  10, the morphological evolution within the 30◦ ≤ 𝛼 ≤ 50◦
interval is substantial. The structure changes from a dense and compact 
morphology with a ‘‘fish-scale’’ surface topography at 𝛼 = 30◦, to a 
still dense but randomly oriented and irregularly shaped columnar 
arrangement at 𝛼 = 40◦, and eventually to the emergence of elliptical 
column tops at 𝛼 = 50◦. These observations suggest that the deposition 
angle range between 35◦ and 45◦ may represent a transition zone, 
where factors other than morphology may play a significant role in 
determining the frictional behavior.

These observations, combined with the features of its pole figures 
(Fig.  5), which revealed an inclination of the (110) planes relative 
to the Mo atom flux, suggest that this film possesses unique charac-
teristics. A more detailed investigation is therefore required to fully 
understand its behavior.

4. Conclusions

To address whether friction anisotropy is material-dependent for 
GLAD films, in this study, GLAD molybdenum films were deposited 
and their frictional behavior was systematically analyzed and compared 
with that of tungsten (W) films previously studied [10], following 
an identical methodological approach. Films were deposited at eight 
different deposition angles (𝛼 = 0◦, 30◦, 40◦, 50◦, 60◦, 70◦, 80◦, and 



G.B. Rodrigues et al. Tribology International 218 (2026) 111721 
85◦) with thickness of about 500 nm. They were subjected to scratch 
tests performed in eight directions (defined by the angle 𝜙), under 
four different normal loads (𝐹𝑁 ). Based-on the experimental results and 
the analyses presented above, the main conclusions are summarized as 
follows:

1. A similar morphological evolution, as the one observed for W 
films, is observed as the deposition angle (𝛼) increases: The 
films transition from dense and fibrous structures to columnar 
morphologies with elliptical-shaped tops aligned along the di-
rection normal to the incoming atom flux, and eventually to 
‘‘worm-like’’ columnar structures at the highest 𝛼 values. This 
progression is primarily governed by shadowing and fanning ef-
fects, which become increasingly dominant at higher deposition 
angles.

2. As for the W films, Mo films deposited at 𝛼 = 0◦, 30◦, and 𝛼 ≥ 50◦
show no significant dependence on the applied normal force dur-
ing single scratch tests, indicating consistency with Coulomb’s 
law. In contrast, the film deposited at 𝛼 = 40◦ deviates from 
this behavior, exhibiting a clear dependence of the friction co-
efficient on the applied 𝐹𝑁 , thereby indicating non-Coulombic 
frictional characteristics. This aspect requires an extension of the 
linear model proposed in [10], adding a non-linear approach, 
which is proposed in methodology in order to represent a strong 
non-centrosymmetric anisotropic behavior.

3. Analysis of the polar plots and the anisotropy degree parameter 
𝛥𝑔, obtained from the linear model, identifies three distinct 
categories among the Mo films: (i) Isotropic behavior for 𝛼 =
0◦, (ii) slight non-centrosymmetric anisotropy for 𝛼 = 30◦, and 
(iii) orthotropic behavior for 𝛼 ≥ 50◦. Although some films in 
the orthotropic group also exhibit non-centrosymmetric results, 
their dominant anisotropy is characterized by elevated friction 
coefficients along the 𝜙 = 90◦ and 270◦ directions. The highest 
anisotropy degree (𝛥𝑔 = 0.72 ± 0.06) was observed for the 
film deposited at 𝛼 = 50◦, followed by a gradual decrease with 
increasing 𝛼, reaching 0.47 ± 0.07 at 𝛼 = 85◦. This trend is 
accompanied by an overall reduction in the friction coefficient 
at higher deposition angles. Compared with W films [10], the 
anisotropy degrees of Mo films are considerably higher, as the 
maximum value reported for W films was 0.35 ± 0. at 𝛼 = 70◦. 
Moreover, although a slight decrease in the overall friction level 
was observed, it remains negligible compared to that in the 
present study.

4. As expected based-on the previous studied W films, the fric-
tional behavior of the seven Mo films is strongly correlated 
with their morphological characteristics. Dense, compact films 
exhibit isotropic responses. As the morphology moves towards 
to elongated columns oriented perpendicular to the incident 
atom flux, column chain structures emerge in these directions. 
During scratching along 𝜙 = 90◦ and 270◦, the indenter in-
duces rapid contact between adjacent columns, limiting plastic 
deformation compared to other directions. This reduced defor-
mation corresponds to increased friction coefficients in those 
directions. Additionally, film morphology governs not only the 
presence and type of anisotropic frictional behavior, but also 
its intensity and the overall frictional levels. Increased porosity 
and the evolution toward ‘‘worm-like’’ column structures mini-
mize column–column interactions and the chain-column effect, 
thereby contributing to reduced friction coefficients and lower 
anisotropy degrees (𝛥𝑔).

5. Film deposited at 𝛼 = 40◦ exhibits additional distinct char-
acteristics beyond its deviation from Coulomb’s law: A strong 
non-centrosymmetric friction anisotropy and an atypical mor-
phological structure. The observed anisotropic friction and non-
Coulombic behavior appear to be correlated, as the directions 
showing the greatest deviation from Coulomb’s law correspond 
to those with the highest friction coefficients.
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