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Niobium carbide thin films were successfully deposited on a Ti-6Al-7Nb 
substrate using a low-temperature plasma glow discharge method, employing 
argon gas and C2H2 as the carbon source. Three different deposition times 
were employed to apply the coatings: Group 1 had a deposition period of two 
hours, Group 2 had a deposition period of four hours, and Group 3 had a 
deposition period of six hours. The phase composition, microstructure, surface 
morphology, roughness, and wettability of the films were examined as a function 
of deposition time. Various phases of niobium carbide were observed, with the 
sputter deposition process resulting in a nanocomposite structure composed 
of a nanocrystalline and often substoichiometric niobium carbide phase, 
along with an amorphous carbon phase. The microstructure of the deposited 
layers exhibited consistency and homogeneity. The SEM images displayed an 
organized morphology characterized by the material’s agglomerating feature on 
a striated texture. The coated samples exhibited a more prominent and rougher 
surface, with noticeable projections. Furthermore, the water contact angle 
value decreased from approximately 63° for the untreated Ti-6Al-7Nb surface 
to around 44° for the coated samples.

INTRODUCTION
Ti-6Al-7Nb stands as a titanium-based alloy 

renowned for its potential in bone-contact 
applications, particularly within orthopedic and 
dental implant contexts. Distinguished by its 
composition of titanium, aluminum, and niobium, 
this alloy has been a focal point of extensive 
research [1]. Its mechanical properties, corrosion 
resistance, and biological characteristics have 
attracted significant attention, surpassing those 
of pure titanium (CpTi). This superiority can be 
attributed to the alloy’s lack of vanadium. [2]. 
Notably, the inclusion of niobium in place of 

vanadium within various titanium-based alloys 
has led to the stabilization of the β phase and a 
substantial enhancement in biocompatibility 
[3]. This alloy holds great promise for diverse 
biomedical applications.

The initial stage of cell attachment to the 
implant surface plays a crucial role in the overall 
bone regeneration process. Consequently, 
numerous studies have focused on developing 
biomaterials with favorable surface properties 
that enhance cell adhesion. Surface roughness [4], 
topography [5,6], wettability [7], zeta potential 
[8], biomaterial porosity [9], and the application 
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of specific bioactive compounds have all been 
observed to influence osteoblast cell adhesion 
[10].

Biomaterials, particularly metallic ones, 
must possess well-defined surface properties 
to effectively function in demanding biological 
environments and achieve appropriate levels 
of implant osseointegration with bone tissue 
[11]. Ti-6Al-7Nb holds promise for constructing 
lightweight and durable osseointegration devices 
due to its low specific weight, which makes it 
exceptionally light compared to other metal alloys. 
Its excellent corrosion resistance, coupled with 
an elastic modulus approximating that of human 
bone, enables improved load distribution [12]. 
While studies have demonstrated these properties 
in Ti-6Al-7Nb alloy, surface optimization is still 
necessary to develop a surface topography that 
promotes cell proliferation, adequate surface 
roughness for enhanced protein adsorption, and 
ultimately improved cell viability.

The low temperature plasma glow discharge 
technique offers a means of treating metallic 
biomaterial surfaces without significantly 
altering the substrate’s microstructure [13,14]. 
This method allows for precise control over the 
growth of thin coatings, including their structure 
and chemical composition, thus influencing their 
characteristics. Moreover, it enables surface 
treatment of complex-shaped components [15].

Niobium carbide (NbC) has garnered significant 
attention in the field of dental implant materials 
due to its exceptional combination of properties. 
These include notable chemical stability [16], high 
hardness [17], resistance to wear and corrosion, 
and acceptable biocompatibility. Recent research 
has explored the deposition of NbC films on 316L 
stainless steel using a non-reactive configuration, 
revealing promising osteogenic potential 
and protective qualities. These findings have 
positioned NbC as an appealing choice for dental 
implant applications [18]. Furthermore, studies 
involving the production of NbC coatings on Ti-
6Al-4V through DC magnetron sputtering have 
demonstrated excellent corrosion resistance and 
biocompatibility, further underscoring its potential 
in the field [19].

MATERIALS AND METHODS
Substrate preparation

Ti-6Al-7Nb (ASTM F1295) was utilized as the 
substrate for all experiments conducted in this 

investigation. The Ti-6Al-7Nb block was cut into 
rectangular shapes measuring 12mm by 10mm 
and with a thickness of 5mm, using a wire 
cutting machine (Knuth SmartDEM-Germany) 
[20]. Subsequently, the samples underwent a 
polishing process using 320, 400, 600, 800, and 
1000 grit SiC paper in sequential order, utilizing 
a polishing machine [21]. To ensure cleanliness, 
the samples were sonicated twice in acetone, 
ethanol, and distilled water, each for a duration 
of 5 minutes, resulting in a total sonication time 
of 10 minutes. Following the sonication process, 
the smoothed samples were allowed to air-dry at 
room temperature for 15 minutes [20,22].

The development of NbC coatings was intended 
to occur in three distinct groups: Group 1 with 
a deposition time of 2 hours, Group 2 with a 
deposition time of 4 hours, and Group 3 with a 
deposition time of 6 hours.

NbC coating conditions
The NbC films were deposited on Ti-6Al-7Nb 

samples using a pure Nb target (99.95%) through 
plasma glow discharge sputtering. The sputtering 
process was carried out in an Argon gas medium 
(99.999%) with a reactive gas of C2H2 (99.999%). 
The target was positioned 50 mm away from 
the substrate holder. Prior to sputtering, the 
chamber underwent evacuation using a rotary 
pump and a turbo-molecular pump, reaching a 
pressure of 1*10-4 mBar. Before deposition, the 
substrate was sputtered with Argon gas (25 W) at 
a pressure of 5*10-2 mBar for 1 minute. This step 
was performed to remove the surface oxide layer 
and any impurities, while preventing additional Nb 
deposition. The Argon gas was then discontinued, 
and the chamber pressure was restored to 
1*10-4 mBar. C2H2 gas was introduced into the 
chamber until the pressure stabilized at 1*10-2 
mBar. Following that, Argon gas was introduced 
to maintain the pressure at 6*10-2 mBar. The DC 
voltage was set at 3.7 Kv, and the current was set 
at 7 mA, resulting in a sputtering energy of 25 
Watt, which is the material-dependent ion energy 
[23].

To ensure a steady-state reaction condition 
during the deposition process, the working 
pressure was maintained at 6*10-2 mBar, which 
was deemed appropriate for deposition. As the 
NbC film was intended to be developed via a 
simple plasma glow discharge, all thin films were 
deposited at room temperature, and no additional 
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substrate heating was applied. The deposition 
times for the coatings were two, four, and six 
hours.

Film characterization
The phase analysis of the samples was 

performed using X-Ray Diffraction (XRD) on 
a SHIMADZU LabX-XRD 6000 Diffractometer 
equipped with a Cu-Kα X-Ray radiation (λ = 1.540 
Å). Diffraction scans were conducted at a tube 
voltage of 40 kV and a tube current of 30 mA. Each 
scan was obtained at 2θ values ranging from 20 to 
80 degrees, with a step size of 0.05 degrees and a 
counting duration of 0.6 seconds.

The microstructure was examined using an FEI 
Inspect F50 field emission-SEM, and the coating 
thickness was quantified using a FE-SEM on 
cross-sectional samples. Surface topography and 
morphology were characterized using the TT-2 

AFM model.
Water contact angles were measured utilizing 

the sessile drop method with a Ramé-Hart Inc. 
system. Three observations were taken at room 
temperature using 250µl of water, and the mean 
values of the advancing angle were calculated.

RESULTS AND DISCUSSION
X-ray diffraction

The X-ray diffraction patterns from both 
untreated and NbC-treated samples are shown 
in (Fig. 1). The XRD reflections of the as-received 
Ti-6Al-7Nb alloy can be indexed with (101), (102), 
(110), and (112) α titanium orientations, matching 
the (JCPDS card no. 44-1294). Additionally, (110) 
and (211) β titanium orientations are observed, 
matching the (JCPDS card no. 44-1288). 

In the XRD pattern of the treated samples, seven 
peaks are detected, corresponding to the formed 

 

  
Fig. 1. X-ray diffraction (XRD) spectra for the NbC films with different deposition times: uncoated, 2 hours, 4 hours, and 6 hours.
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coating and the underlying substrate material. Two 
of these peaks are indexed with (002) and (421) 
NbC orientations, matching the (JCPDS card no. 
38-1364). Two other reflections are indexed with 
(200) and (222) Nb2C orientations, corresponding 
to the (JCPDS card no. 19-870). Another peak 
is indexed with the (311) Nb6C5 orientation, 
corresponding to the (JCPDS card no. 63-503). 
The remaining two reflections are referenced with 
(102) and (110) α titanium orientations, matching 
the (JCPDS card no. 44-1294).
Scanning electron microscopy

The NbC coatings that were deposited for 2, 4, 
and 6 hours appear in SEM images in (Fig. 2). The 
microstructure of the deposited layers exhibits 

consistency and homogeneity. The presence of 
an organized morphology with an agglomerating 
feature on a striated texture can be observed. 
This morphology is a result of the initial treatment 
process involving grinding and polishing of the 
sample’s surface. Based on the SEM images, the 
average grain size for the 2-hour deposition time 
is 0.914 μm, while it increases to 1.33 μm for the 
4-hour time and 1.912 μm for the 6-hour time. The 
grain size shows an increasing trend with longer 
deposition times.

The thickness of the NbC surface layers formed 
by  the glow discharge procedure is presented in 
(Table 1). 

The discharge treatment creates a continuous 

 

 

 

 

 

 

 

 

 

 

  

Fig. 2. FE-SEM images of the NbC surface layer with varying deposition times: (a) 2-hour NbC deposited thin film at a magnification of 
15,000x, (b) 4-hour NbC deposited thin film at a magnification of 15,000x, and (c) 6-hour NbC deposited thin film at a magnification 

of 12,000x.
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layer of blocky crystallites on the surface, with 
thickness increasing directly as the sputtering time 
increases, giving the coating a cumulative effect. 
The coating thickness of the deposited films, as 
confirmed by FE-SEM analysis on cross sections of 
the coated samples, is displayed in (Fig. 3 a, b, & 
c.).

Atomic force microscopy
The 2D and 3D roughness representations of 

the uncoated Ti-6Al-7Nb and the NbC films coated 
for 2 hours, 4 hours, and 6 hours are depicted in 
(Figs. 4, 5, 6, and 7). 

All of the films exhibit nanoscale topographic 
features, with Ra and Rq values falling within the 

 

 

 

 

 

 

 

 

 

 

 

 

  

Fig. 3. FE-SEM images of the cross section of the coated samples: (a) 2-hour NbC deposited thin film at a magnification of 10,000x, (b) 
4-hour NbC deposited thin film at a magnification of 10,000x, and (c) 6-hour NbC deposited thin film at a magnification of 10,000x.

 2hrs 4hrs 6hrs 
NbC coating thickness (µm) 1.452 3.522 6.673 

SD 0.253 0.314 0.583 
SE 0.126 0.157 0.291 

 
  

Table 1. Mean of the coating thickness measurements for the NbC coated samples.
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nanometric range, as presented in (Table 2).

Contact angle measurement
The arithmetic mean of the measurements for 

the four variables is shown in (Table 3). Comparing 
the coated samples to the untreated Ti-6Al-7Nb 
alloy, the coated samples display reduced water 
contact angles.
Phase analysis

Various phases of niobium carbide were 
formed, including cubic NbC, orthorhombic 
Nb2C, and monoclinic Nb6C5. It is not possible to 
achieve a phase-pure niobium carbide coating 

using the glow discharge process. Attempts were 
made to control the C2H2 and argon gas pressures 
inside the chamber to produce a phase-pure NbC 
coating. However, due to the need to maintain 
a constant pressure of 6*10-2 mBar, there was 
limited freedom to manipulate the gas pressure. 
The deposition process variables, such as plasma 
intensity and ion bombardment, can influence 
the composition and configuration of the coating 
material; comparable results have been validated 
by other studies [24,25].

The non-equilibrium conditions during 
sputter deposition result in a nanocomposite 

 

 

 

 

 

 

  

  

 

 

 

  

Fig. 5. AFM images illustrating the surface morphology of the 2-hour NbC coated Ti-6Al-7Nb samples produced under glow dis-
charge. (a) presents the 2D image, while (b) presents the corresponding 3D image.

Fig. 4. AFM images illustrating the surface morphology of the uncoated Ti-6Al-7Nb samples. (a) displays the 2D image, while (b) 
depicts the corresponding 3D image.
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structure composed of nanocrystalline and often 
substoichiometric niobium carbide phases, along 
with an amorphous carbon phase [26]. The 
structure consists of nanometer-sized crystalline 
regions separated by seemingly disorganized 
regions of substoichiometric NbC phases, with 
the presence of a non-crystalline graphite phase 
(nanoclusters of NbC in amorphous carbon), which 
is consistent with earlier research [25,27].

It is important to note that the crystal structure 
of the phases is affected by the deposition time. 
The intensity of the niobium carbide XRD peaks 
decreases as the deposition time increases, with 
the NbC and Nb2C being more affected; indicating a 
reduction in the crystallinity of the formed coating 
as the content of amorphous carbon increases 
with longer deposition times.

Microstructure
The morphology displayed is that of 

tiny  particulates (on the nanometric scale) that 
agglomerate in a random manner to form clusters 
(or grains) as a result of the growth of coalesced 
nuclei (on the micrometric scale), which becomes 
more pronounced and intense as they approach 
the peaks of the finishing scratches.

The SEM image of the 2 hours deposited 
NbC film (Fig. 2a) shows larger agglomerates 
with high lightening regions of various pore 
sizes, attributed to niobium carbide; such a 
microstructure is suggestive of smaller crystal 
sizes and attracted particulates [28]. On (Fig. 2b 
and 2c), microstructural changes were detected 
as sputtering time was increased, explaining the 
continuous increase in grain size as sputtering 

 

 

 

 

 

  

 

 

 

  Fig. 7. AFM images displaying the surface morphology of Ti-6Al-7Nb coated with NbC for a deposition time of 6 hours using glow 
discharge. (a) is the 2D representation and (b) a 3D representation of the surface topography.

Fig. 6. AFM images depicting the surface morphology of Ti-6Al-7Nb coated with NbC for a deposition time of 4 hours using glow 
discharge. (a) 2D image and (b) 3D image.
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time was increased.
According to the data at hand, for the 2-hour 

deposition time, the average grain size is 0.914 
μm. It increases to 1.33 μm for the 4-hour 
deposition time and further to 1.912 μm for the 
6-hour deposition time, SEM images confirm 
these findings. As the grains grow larger, they start 
to join together and fuse. Grain size is a significant 
microstructural parameter in these materials, its 
significance arises from its role, along with its 
relative phase analysis facilitates the predictions 
regarding the structural configuration of the 
carbide layer and the grains separation [29].

Roughness analysis
The non-coated discs exhibit roughness (Ra: 

118.9 nm) attributed to the manufacturing and 
polishing process (Fig. 4). The coated samples 
(Figs. 5, 6, and 7) display a more prominent and 
rougher surface with more apparent projections. 
The roughness values for the 2-hour group, 4-hour 
group, and 6-hour group are higher (Ra: 143.5 nm, 
154.2 nm, and 152.4 nm, respectively).

Surface roughness increases with longer 
deposition time, as seen in AFM images. An 
explanation of such an increase in surface 
roughness may be given on the basis that the 
sputtered NbC particulates tend to be deposited 
and hit the topography of the substrate surface 
forming nuclei of agglomeration giving rise 
for larger grains and increasing the surface 
roughness[30], the deposition include the peaks 

and protrusions of the surface and be directed 
downhill to accumulate in the valleys and grooves 
of the substrates surface topography; similar 
results have been confirmed in a non-reactive 
process using high plasma density near the 
substrate [31].

In the 4-hour deposition time (Fig. 6), the 
surface exhibited a mean roughness (Ra) of 154.2 
nm. However, in the subsequent 6-hour deposition 
time (Fig. 7), we observed a slight reduction in 
surface roughness, with Ra decreasing to 152.4 
nm. Despite this reduction, it’s important to note 
that the surface remained rougher compared to 
the control surface. This slight decrease in surface 
roughness can be attributed to the filling and 
bridging of finishing grooves and scratches by the 
sputtered NbC, resulting in surface smoothing as 
the deposition time increased [32].

Wettability
The wettability of a surface, whether it is 

hydrophilic or hydrophobic, can be determined 
by measuring the contact angle. A drop in water 
contact angle value from about 63° for the 
untreated Ti-6Al-7Nb surface to about 44° for 
the coated samples displays the production of 
more hydrophilic surface by the deposition of 
niobium carbide thin film (Table 3). The chemical 
composition of the NbC surface and its specific 
surface energy may explain the difference in 
wettability making the NbC film exhibit stronger 
wetting affinity compared to the uncoated 

Surface parameter Uncoated 2hrs 4hrs 6hrs 
Ra (nm) 118.9 143.5 154.2 152.4 

SD 3.557 4.666 4.451 6.526 
SE 1.591 2.087 1.990 2.919 

Rq (nm) 146.3 179.5 186.9 188.8 
SD 3.798 4.524 4.693 4.804 
SE 1.699 2.023 2.099 2.148 

* Ra: Mean roughness. 
* Rq: Root mean square of the height values of all points of a 3D scan. 
*SD: Standard Deviation. 
*SE: Standard Error. 
  

 Uncoated Ti-6Al-7Nb 2hrs coating 4hrs coating 6hrs coating 
Water contact angle (⸰) 62.83 44.4 43.07 44.27 
SD 4.307 3.890 2.420 4.044 
SE 1.926 1.740 1.082 1.808 

 

Table 3. Results of the water contact angle measurements of the NbC coated Ti-6Al-7Nb.

Table 2. Results of AFM measurements (Ra and Rq) of the NbC coated Ti-6Al-7Nb.
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titanium alloy samples [33].
The relationship between roughness and 

wettability values of the samples is displayed in 
(Fig. 8). The NbC coating increases the surface 
roughness of the titanium alloy samples compared 
to the uncoated samples, and simultaneously 
reduces the measured contact angle. This outcome 
is in agreement with the results of Gittens et al. 
[34] and Rupp et al. [35] According to the Wenzel 
theory; an essential theory of roughness-induced 
wetting; a wetting liquid completely fills a rough 
surface topography, including all indentations and 
pores, an important outcome of this theory allows 
hydrophilic surfaces with contact angles below 90° 
to become more hydrophilic with increasing the 
surface roughness, the issue that may well explain 
the reduction in contact angle measurements 
with increasing the deposition time [36,37]. As 
mentioned earlier, the roughness values increase 
with longer deposition times, accompanied 

by a simultaneous reduction in contact angle 
measurements. The surface treatment in this 
study affects the surface topography and has a 
substantial impact on wettability, as demonstrated 
in (Fig. 8).

CONCLUSION
In this study, NbC films were produced on Ti-6Al-

7Nb substrates using the low-temperature plasma 
glow discharge technique. To comprehensively 
analyze the characteristics of the deposited 
surface layer and compare the effects of different 
deposition periods on the coatings, it is crucial 
to consider phase composition, microstructure, 
surface morphology, and wettability, as these 
factors can significantly influence the suitability 
of the coatings as biomaterials. Despite efforts to 
verify the C2H2 and argon gas pressure inside the 
chamber to achieve a phase-pure NbC coating, 
it was not feasible to produce a sample with a 

 
Fig. 8. Bar chart illustrating the relationship between surface roughness and water contact angle measurements for each 
specimen, including the uncoated sample, as well as the samples deposited for 2 hours, 4 hours, and 6 hours. The vertical 

lines on the chart represent the standard deviation.
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completely pure niobium carbide phase using 
the glow discharge process. Different phases of 
niobium carbide were formed, including cubic NbC, 
orthorhombic Nb2C, and monoclinic Nb6C5. The 
thin films consist of nanometer-sized crystalline 
regions separated by seemingly disordered 
substoichiometric NbC phases, with a non-
crystalline graphite phase (nanoclusters of NbC in 
amorphous carbon). The observed microstructure 
reveals the presence of tiny particles on the 
nanometric scale that randomly aggregate to 
form clusters or grains due to the coalescence of 
nuclei on the micrometric scale. These clusters 
become more prominent and pronounced as they 
approach the peaks of the finishing scratches.

The roughness of the non-coated discs (Ra: 118.9 
nm) can be attributed to the manufacturing and 
polishing processes, as the samples were ground 
with 1000 grit SiC paper. In contrast, the coated 
samples exhibit a more pronounced and rougher 
surface with noticeable projections. Surface 
roughness measurements were higher in the 
2-hour, 4-hour, and 6-hour groups. The deposition 
of the niobium carbide thin film resulted in a more 
hydrophilic surface, as evidenced by a drop in 
the water contact angle for the coated samples. 
Longer deposition times were found to increase 
the roughness values and decrease the contact 
angle measurements concurrently. The surface 
treatment applied in this study modified the 
surface topography and had a significant impact 
on surface wettability.
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