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Highlights 

- CrN films were DC sputtered in Ar plasma activated ABS with increasing N2 flows and 

deposition times 

- Dense, smooth and amorphous films were obtained with 3 sccm N2, 20 min deposition 

- 3 sccm N2, 20 min films display higher oxidation resistance and nobler OCP values 

- The pre-sputtering Ar plasma treatment enhances adhesion of the 3 sccm N2, 20 min film  

- The 3 sccm N2, 20 min film complies well with all end-user requirements 
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Abstract 

In this work, magnetron sputtered CrNx thin films with nitrogen concentrations ranging from 

17 to 30 at. % were deposited on plasma activated ABS. Two sets of thin films were obtained 

by varying the N2 flow inside the vacuum chamber (series #1) and the deposition time (series 

#2). The polymer samples were also subjected to plasma treatment in Ar prior to the CrNx 

thin films’ deposition, in order to enhance the adhesion. The fundamental microstructural, 

chemical and physical properties, as well as the electrochemical and adhesion behavior of the 

CrNx thin films, were assessed by SEM, XRD, 3D profilometry, RAMAN, colorimetry, OCP 

measurements and cross-cut tape test. Main results show that high-quality CrNx films with a 

low percentage of defects were obtained. The CrNx film sputtered with 3 sccm N2 for 20 min 

was considered to possess the most appropriate brightness, color, electrochemical stability 

and interfacial adhesion to fit the end-user requirements. Magnetron sputtering is thus a 

promising alternative to the hazardous chrome plating for an effective metallization of ABS.  

 

Keywords: Sputtering; Chromium nitride; ABS; Metallization; Polymer coating. 
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1. Introduction 

Thin film-coated (metallized) polymers are replacing traditional metallic materials in many 

industrial fields, particularly in automotive [1], electronic [2], and wear protection 

applications [3]. The low density, flexibility, design versatility and low-cost production of 

most polymers [1,4], combined with the properties of a shining, highly reflective and 

conductive metallic coating, gives them a considerable advantage over common metals [5]. 

Acrylonitrile Butadiene Styrene (ABS) is widely used in industrial applications such as 

automotive, electronic housings, computer and air conditioning parts [3]. This is due to its 

intrinsic properties, in particular an outstanding impact resistance, good processability and 

dimensional stability, recyclability, and cost-effectiveness [1,3,5,6]. As such, ABS dominates 

the market of metallized polymers [1]. 

One of the most common polymer metallization processes used in the last decades has been 

electroplating that produces environmentally dangerous waste products, such as the highly 

toxic hexavalent chromium used either in the surface activation/etching step [7] or in the 

chrome plating itself [5]. Hence, following all the enacted European legislation during the last 

years against the use of hexavalent chromium solutions [8,9], new chromium surface 

treatments [1] and plating alternatives have emerged and include chemical, physical, and 

mixed approaches [1,3,5]. 

Magnetron sputtering (MS) is one of such techniques [3,10,11], which can be used on a wide 

range of available polymers and has a reduced environmental impact, unlike chrome plating 

[12]. MS advantages and disadvantages over electroplating are effectively summarized in 

reference [13]. Electroless plating has the advantage of being capable of levelling the coated 

surface, which may lead to a superior decorative finishing and brightness, while the most 

attractive feature of MS may be the ability to coat most substrate materials with a wide range 

of thin film systems in an environmentally friendly and cost-effective way. Consequently, MS 
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is becoming an increasingly attractive industrial process for polymer metallization, especially 

for the deposition of chromium nitride (CrN) films [14–18] for protective and decorative 

purposes [3,11,19]. Furthermore, MS allows for a simple and fine control of the process 

parameters (pressure, temperature, current, etc.) thus allowing an effective tailoring of the 

CrN thin film microstructures and properties obtained [19,20], especially in polymers that are 

rather susceptible to high temperatures developed during the sputtering process [21]. 

Consequently, MS chrome metallization of ABS is an excellent alternative to electroplating 

since it allows the deposition of thin films with superior corrosion resistance, and mechanical 

and tribological properties [22–27]. 

In the present work, the authors aim at developing an environmentally friendly MS-based 

process for ABS chrome metallization that is able to deposit CrN films with protective and 

decorative properties comparable to the ones obtained traditionally by electroplating. As such, 

several end-user requirements such as the deposition of well-adhered, dense, defect-free, 

bright and reflective films with high chemical and electrochemical stability must be attained. 

 

2. Experimental details 

CrN thin films were fabricated by DC magnetron sputtering using a pure chromium target 

(200×100×6 mm
3
, 99.99% purity), in a custom-made 60 L vacuum chamber. All depositions 

were performed after a residual vacuum of approximately 10
-4

 Pa is attained inside the 

reactor. During the sputtering process, the gas atmosphere was composed of a mixture of Ar 

(φ = 25 sccm, p = 3.8×10
− 1

 Pa) and N2 (0 ≤ φ ≤ 8 sccm, partial pressure varied 0.5 Pa). The 

plasma was ignited using a current density of 75 A·m
2
. The grounded sample holder was used 

in rotation mode at 5 rpm in front of the target (dtarget-sample = 7 cm). No external heating was 

used. The coated substrates were silicon (Boron-doped, p-type, <100> orientation, 525 μm 

thick) for chemical, morphological and (micro)structural characterization purposes, glass for 
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the electrochemical behavior, ABS for color, brightness and reflectance measurements, and 

PET and PA for adhesion. Before all depositions, the surface of the substrates was subjected 

to a plasma treatment using a 40 kHz RF generator with a power of 100 W in an argon 

atmosphere (80 Pa for 5 min) for surface activation in a Low-Pressure Plasma Cleaner by 

Diener Electronic (Zepto Model). No sample bias was used in the pre-cleaning step. Further 

details regarding the plasma treatment and deposition process of both series of films are 

patent in Table I. 

The surfaces of the sputtered samples had to comply with several end-user requirements, 

hence the performed characterization was specifically selected to target the desired thin film 

specifications. The morphological features were observed under a Hitachi SU70 Scanning 

Electron Microscope (SEM), equipped with a Bruker Energy Dispersion Spectroscopy (EDS) 

system used to assess the nitrogen incorporation in the films, and operated at 15 kV. The X-

ray diffraction (XRD) technique was used to access the crystalline nature of the coatings. This 

analysis was performed on a XPERT-PRO diffractometer in blazing angle mode with 2 

between 20º and 80º. Topographic analysis was done using a 3D optical profilometer 

(Sensofar S-neox) to assess the surface roughness of the plasma treated coated materials. Data 

were obtained with a 10x interferometric objective (acquisition area of 1.75 mm × 1.35 mm) 

using the vertical shift interferometry technique (VSI). The visualization of the surface texture 

was also done using a higher magnification (100x objective – acquisition area of 350 µm × 

270 µm) under confocal mode. Finally, Raman spectra were obtained for these CrN coatings 

on a confocal Raman-AFM-SNOM WITec alpha300 RAS+ microscope. The excitation source 

was the 532 nm line of a Nd:YAG laser with 5 mW incident power on the samples. The 

spectra were obtained in the Stokes shifts interval between 80-2000 cm
-1

. 

Open circuit potential (OCP) measurements were performed in a 0.9% NaCl solution for 3h to 

mimic the performance of the more promising coatings deposited in glass slides and PET in 
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high humidity and saline environments, using a saturated calomel electrode (SCE) in a Gamry 

Reference 600 potentiostat (Gamry Instruments Inc., PA, USA). The color coordinates of the 

films were measured in the silicon <100> substrates, using a Minolta CM-2600d portable 

spectrophotometer equipped with a 52 mm diameter integrating sphere and 3 pulsed xenon 

lamps and a wavelength range of 400 – 700 nm. The color coordinates were measured in ABS 

pieces provided by the end-user and were represented in the CIELab-1976 color space at a 

viewing angle of 10º and using the primary illuminant D65 (specular component included – 

SCI). Flat PET substrates were used for the cross-cut tape test on the film that best complied 

with the end-user specifications, based on the ASTM D3359-B standard.  

 

3. Results and discussion 

3.1. Morphological, Microstructural and Chemical characterization 

The morphological features of the sputtered CrN samples from series #1 and #2 are present in 

Fig. 1 and 2, respectively. For the pure Cr reference sample it is possible to observe the 

occurrence of a typical elongated granular morphology, Fig. 1a [28]. The resulting 

morphology is quite rough (Sa = 42 nm, Fig. 3 a) and consists of a highly oriented and 

crystalline Cr (210) growth (card #65-3316), Fig. 4 a. 

By introducing small amounts of nitrogen (2 and 3 sccm) in the system, round granular 

morphologies are obtained [28–30], Fig. 1 b-c. Since the obtained surfaces are dense and very 

smooth [30] (Sa ≈ 21 nm for both samples, Fig. 3 a) the magnification of Fig. 1 c is higher in 

order to observe the round granules. Due to the low nitrogen amount (nitrogen composition ≈ 

17 at. %), a low-crystallinity microstructure – slight nitrogen incorporation in the chromium 

matrix (the broad peak at ≈ 42º corresponds to the Cr2N (002) phase, card #35-803) – is 

obtained for the 2 sccm N2 sample, while an almost amorphous growth is visible for the 3 
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sccm N2 film, Fig. 4 a. With further nitrogen increase (4 sccm), the surface morphology of the 

samples starts to change, and the smooth, granular features become increasingly sharp and 

angular, Fig. 1 d. As a result, the roughness slightly increases (Sa ≈ 26 nm, Fig. 3) due to an 

increasingly N-rich crystalline Cr2N (002) preferential growth, Fig. 4 a. 

For high nitrogen flow rates, higher nitrogen incorporation occurs (≈ 29 and 25 at. % for 6 

and 8 sccm, respectively – Table I). Consequently, evidences of pyramid-like column tops 

(typical for high N2 contents [31]) start to appear in the sample sputtered with 6 sccm and are 

fully formed in the CrN film deposited with 8 sccm, Fig. 1 e, f. Therefore, the surface 

roughness remains higher (24 ≤ Sa ≤ 25 nm) than that of the intermediate-N2 films (2 and 3 

sccm; Sa ≈ 21 nm) but slightly lower that the values obtained for the 4 sccm sample (Sa ≈ 26 

nm), Fig. 3. The high-N2 samples are also more porous than the low- and intermediate-N2 

films. The progressive evolution from an N-deficient Cr2N (002) with traces of amorphous Cr 

(210) phase of the sample sputtered with 6 sccm, towards a fully crystalline CrN (111), (200), 

(220) and (311) microstructure (card #65-2899) with no evidences of metallic Cr of the 8 

sccm coating is evident [3], Fig. 4 a. A change from the CrN (111) preferential growth to the 

(220) phase also occurs. 

Consequently, the films deposited with 2 and 3 sccm N2 were considered the most promising 

and thus, due to their similar morphological and microstructural behavior, a nitrogen flow rate 

of 3 sccm was fixed and the deposition time was varied from 10 to 60 min in order to sputter 

the series #2 films, Fig. 2. Rougher (30 ≤ Sa ≤ 35 nm) and slightly more porous films are 

obtained for high depositions times (30-60 min), in opposition to the denser and smoother (21 

≤ Sa ≤ 26 nm) CrN coatings sputtered for 10 and 20 min, Fig. 3. All series #2 films display a 

granular-like morphology due to low nitrogen incorporation. However, an increase of the 

nitrogen uptake from ≈ 13 to ≈ 23 at. % occurs with increasing deposition times, Table I. 

Consequently, a gradual evolution from an amorphous microstructure – 10 and 20 min – 
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towards N-deficient Cr2N (002) – 30 min – and finally to a poorly crystallized CrN (200) 

growth – 40 and 60 min – is observed, Fig 4 b. 

The RAMAN analysis of all sputtered samples is shown in Fig. 5. In the pure Cr and low-N2 

films (2 and 3 sccm), no defined Raman peaks can be detected, Fig. 5 a. Instead, a broad band 

around 620 cm
-1

 is seen that can be indexed to the formation of Cr2O3 [32], which is 

indicative of slight oxidation of these samples when exposed to ambient air. Also traces of 

hexagonal Cr2N phase can be indexed to the band located at 215 cm
-1

 in the film sputtered 

with 3 sccm N2, which is consistent with the XRD results, Fig. 4 a. With increasing nitrogen 

flow rate/concentration – 4, 6 and 8 sccm – further extensive oxidation is detected due to the 

presence of sharp Cr2O3 peaks at 304, 342 and 540 cm
-1

 [33–35]. Once more, the results are 

consistent with the morphological and microstructural findings, since the surface porosity 

increases with the increase of nitrogen incorporation (Fig. 1 d-f) due to the gradual shift from 

a dense N-deficient amorphous Cr2N structure towards porous crystalline CrN, Fig. 4. No 

significant oxidation was detected with increasing deposition times, Fig. 5 b. 

 

3.2. Optical, Electrochemical and Adhesion characterization 

The color coordinates and reflectance of the films from series #1 and #2 were studied in order 

to check if the deposited coatings complied with end-user specifications. The color 

coordinates are shown in Fig. 6. With the increase of the nitrogen flow rate (and 

incorporation), the brightness (L* coordinate) of the samples suffer an overall decrease, while 

the films obtained with 2 and 3 sccm N2 exhibit the highest L* values. This occurs since the 

films suffer a color change from metallic (0, 2 and 3 sccm N2) towards yellow/brown typical 

for intermediate- and high-N2 content CrN (4, 6 and 8 sccm N2), confirmed by the steep 

increase of b* (b* > 0 refers to yellow) and slight increase of a* (a* > 0 refers to red). Also, 
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the porosity and roughness increase also plays an important part due to scattering of the 

visible light [36]. Consequently, the low-N2 films (2 and 3 sccm) display higher reflectance 

values in the visible range than the intermediate- (4 sccm) and high-N2 (6 and 8 sccm) 

samples, Fig. 7 a. 

Since an uptake of nitrogen was detected with increasing deposition times, only slight 

variations of L* and b* are visible, Fig. 6 b. However, these variations are within the 5% 

measurement error, expect for the brightness of the films obtained with 40 and 60 min, due to 

their increased roughness, Fig. 3 a. The reflectance behavior is consistent with the previous 

results, with the samples sputtered with high deposition times exhibiting significantly lower 

reflectance values than the ones deposited for 10-30 min, Fig. 7 b. 

Once more, similarly to the results obtained in sections 3.1., the CrN films deposited with low 

nitrogen flow rates – 2 and 3 sccm (≈ 17 at. % N2) – and low deposition times – 10 to 30 min 

– comply with end-user specifications (smooth, dense, bright and reflective CrN coatings). 

Consequently, these samples (2 and 3 sccm N2, 20 min deposition) were immersed in a 0.9% 

NaCl solution to study the evolution of the electrochemical OCP values, Fig. 8, thus 

mimicking the surface stability in moist and saline conditions (i.e. human manipulation and 

handling). Both potentials are quite stable varying from 59-72 mV and 147-155 mV for the 2 

and 3 sccm N2 films, respectively. Moreover, it is possible to see that the OCP values of the 

CrN film sputtered with 3 sccm N2 are much nobler that the ones exhibited by the 2 sccm N2 

coating and thus less prone to surface oxidation and corrosion [37–39]. Therefore, combining 

all results so far, the sample sputtered with 3 sccm N2 film for 20 min was selected to be 

sputtered in flat PET substrates. The electrochemical stability of the OCP values of this 

sample was also analyzed, Fig. 8. As expected, the exhibited values are slightly less noble and 

less stable (varying from 38 to 72 mV) due to the poor surface finishing of the PET flat 
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samples (not polished) when compared to the smooth glass slides. Nevertheless, the displayed 

OCP values are more than acceptable for the envisaged use. 

One of the most important end-user specifications was that the deposited CrN films were well 

adhered to the polymeric substrate. Therefore, the adhesion of the most promising CrN film (3 

sccm N2 and 20 min deposition) was studied using the cross-cut tape test, according to the 

ASTM D3359-B standard (which provides a decreasing adhesion classification between a 

maximum 5B and minimum 0B) and the results are patent in Fig. 9. Since no flat ABS pieces 

were available for this study (flatness of the samples is important for a correct use of the 

ASTM norm), the tests were conducted in flat PET substrates. It is possible to see that the 

pre-deposition plasma treatment (Table I) is able to promote excellent adhesion levels of the 3 

sccm N2, 20 min deposition film in PET (Fig. 9 a, b). This is due to extensive topographic 

(roughness promotion) and chemical (chain scission, formation of oxygen dangling bonds and 

oxygen-containing reactive groups) changes promoted by the Ar bombardment in the outer 

layers of the polymer substrates, as evidenced in previous works by the authors [40–43]. 

Hence, according to the scale defined by the used norm, the adhesion of the CrN film 

deposited with 3 sccm N2 for 20 min can be rated as 5B (maximum), since the edges of the 

cuts are completely smooth and none of the squares of the lattice is detached after removal of 

the tape [43], Fig. 9 b. The film was also sputtered in ABS pieces bur since they have a 

complex shape and are not flat, the cross-cut tape test could not be performed effectively. 

However, the coated ABS pieces exhibit a good superficial aspect and do not present cracks 

or delamination. 

 

4. Conclusion 
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Two series of CrN films were sputtered with increasing nitrogen flow rates (2-8 

sccm)/contents (17-29 at. %) and deposition times (10-60 min). The morphological, 

microstructural and chemical properties were investigated and then correlated with the 

exhibited color, electrochemical stability and adhesion behavior. Main results show that the 

intermediate- and high N2 porous films (4, 6 and 8 sccm) are easily oxidized in ambient air 

and do not comply with other end-user requirements such as brightnes and reflectance, thus 

not being suitable for decorative use. In opposition, the dense low-N2 coatings (2 and 3 sccm) 

do not suffer extensive surface oxidation due to air exposure and also exhibit bright and 

reflective surfaces. However, the 2 sccm N2 film displays less noble OCP values that the 3 

sccm N2 sample, thus being more susceptible to oxidation when exposed to moist and saline 

conditions (i.e. human manipulation and handling). Consequently, the film sputtered with 3 

sccm N2 for 20 min was considered the most promising to coat ABS pieces since they comply 

with all end-user requirements: dense, defect-free, bright and reflective surfaces that are 

chemically and electrochemically stable, while being well-adhered to the base substrate. 
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Table captions 

 

Table I. Plasma treatment and MS deposition process parameters. 

Plasma treatment (before all depositions) 

Ar (Pa) Power (W) Time (s) 

80 100 300 

Series #1 (1.5 A, 25 sccm Ar, 20 min.) 

Sample # U (V) N2 (sccm) N composition (at. %) Thickness (nm) 

1 284±1 0 - 340±50 

2 308±1 2 17.4±5 370±50 

3 309±1 3 16.8±5 146±50 

4 305±1 4 23.1±5 230±50 

6 304±1 6 29.2±5 490±50 

8 303±1 8 25.1±5 230±50 

Series #2 (1.5 A, 25 sccm Ar, 3 sccm N2) 

Sample # U (V) tdep (min.) N composition (at. %) Thickness (nm) 

3 309±1 20 16.8±5 146±50 

9 307±1 10 12.7±5 119±50 

10 305±1 30 23.1±5 394±50 

11 304±1 40 23.0±5 661±50 

12 305±1 60 23.1±5 739±50 
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Figure captions 

 

Figure 1. SEM top view micrographs of CrN films sputtered with increasing N2 flow rates. 

 

Figure 2. SEM top view micrographs of the CrN films deposited with increasing deposition 

times. 

 

Figure 3. Roughness evolution (a) of series #1 and #2 CrN films. 2D (b,d) and 3D 

profilometry (c,e) images of the samples deposited with 2 sccm N2 and 3 sccm N2. 

 

Figure 4. Structural evolution of the CrN films from series #1 and #2.  

 

Figure 5. Raman spectra of the CrN films from series #1 and #2. 

 

Figure 6. CIE L a* b* color coordinates of the sputtered CrN films. 

 

Figure 7. Reflectance evolution of the CrN films from series #1 and #2. 

 

Figure 8. OCP values of selected 2 and 3 sccm N2 coatings. 
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Figure 9. Adhesion behavior assessment of the most promising CrN film: 3 sccm N2, 20 min 

deposition.  
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Figure 3 
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Figure 8 
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Figure 9 

 

Plasma activation: 80 Pa Ar, 100 W, 300 s  

Deposition: 3 sccm N2, 20 min  
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