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Abstract: The results of a secondary ion mass spectrometry (SIMS) study on Ag and ZrN decorative
coatings on nickel and white bronze substrates for fancy goods accessories are presented. It was
found that for Ag coatings, an intense diffusion of Cr from the adhesion layer between the coating
and the substrate is observed, and corrosion testing in an acetic salt (CH3COOH+NaCl) atmosphere
leads to the almost complete degradation of such coatings. ZrN coatings on white bronze turned out
to be the most resistant to Cr diffusion and corrosion processes.
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1. Introduction

Decorative coatings based on precious metals are quite widely used in the modern
fashion industry to improve the quality of accessories for haberdashery products from
the world’s leading manufacturing companies (see, for example, [1]). As an alternative,
more economical coatings made from nitride compounds of non-jewelry metals, such as Ti
and Zr, should be put forward. ZrN imitates the color of silver and white gold quite well,
which is why it is often called mock silver. Nitride coatings came to the fashion industry
from industrial metalworking, where they had long been successfully used to produce
wear-resistant coatings for metal-cutting tools.

At present, the main technologies for the production of decorative coatings are electro-
plating and physical vapor deposition (PVD). Electroplating [2] is a well-developed and
approved technology, but at the same time, it is quite energy-intensive and environmentally
unsafe, both for operating personnel and for the environment. PVD provides an application
of decorative coatings [3] comparable in hardness and corrosion resistance to electroplating
and is an environmentally friendly technology.

The main goal of our work was to demonstrate the potential of secondary ion mass
spectrometry (SIMS) [4,5] for studying the degradation of thin decorative coatings made of
925-assay silver and mock silver (ZrN) on Ni and white bronze substrates under the corro-
sion test in an acetic salt (CH3COOH+NaCl) atmosphere. SIMS was chosen as the research
method since it has proven itself to be a highly sensitive technique for the determination of
elemental composition, with the unique possibility of carrying out sputter depth profiling
of the near-surface region of the samples studied. This technique is widely used in micro-
and nanoelectronics, the semiconductor industry, geology, criminalistics, etc., and in our
view, it could also be successfully applied in traditional handicraft technologies like jewelry
and fancy goods production.
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2. Materials and Methods

Two sets containing two samples were studied, which were Ag and ZrN coatings on
Ni and white bronze substrates (Cu 60%, Sn 39%, Zn 1%). The coatings were deposited by
PVD, but the details of the technological process were commercial know-how and were
not divulged by the manufacturer of the fancy goods accessories (Top Finish, Florence,
Italy). According to the data provided to us by manufacturer, the thickness of the silver
coating was 0.02 um, and the thickness of ZrN was 0.2 um. To improve adhesion between
the metal substrate and the decorative coating, a thin layer of Cr with a thickness of about
0.01 um was deposited to each sample via PVD. The corrosion test was carried out in a
special chamber for 24 h in an acetic salt atmosphere (CH3COOH+NacCl) in accordance
with ISO 9227:2022 [6].

SIMS measurements were carried out under high-vacuum conditions (10~ Pa) by
means of a dedicated instrument based on the standard commercial components. A detailed
description of this setup can be found, for example, in [7,8]. Briefly, a DP50B duoplasmatron
(VG Fison, London, UK) was used as an ionbeam source, which generated a mass-separated
beam of primary 1°O,* ions (3 keV, 200 nA). This beam was scanned on the sample surface
within a rectangular raster of 0.5 mm?, and the crater effect, i.e., the influence of the walls
of the sputtering crater on the useful signal, was suppressed by an “electronic diaphragm”,
which ensured the collection of the secondary ions only from the central part of the crater
(15% of the raster area). Secondary ions were analyzed using an EQS 1000 Mass Energy
Analyzer (Hiden, Manchester, UK), and the depth of the sputtering craters was measured
using a Stylus Profiler P-10 (Tencor, Milpitas, CA, USA).

3. Results and Discussion

Three measurements in the randomly selected points were carried out for each sample.
In Figures 1-4, the representative SIMS depth profiles of Ag and ZrN coatings on Ni and
white bronze are presented before and after the corrosion test. The mass peaks of positive
ions 107Ag+, 53Cr*, and %8Ni* (for Ni substrate) and 107Ag+, Nzp+ 14N+, BCrt, 83Cu™*, and
152(Sn0,)* (for white bronze substrate) were chosen as characteristic of the coatings and
substrate materials, and the surface and near-surface contamination was monitored by
the intensity of the 2>Na* mass peak. The depth profiles, which are dependencies of the
maximal mass peak intensities versus time of sputtering, were automatically measured
using EQS MASsoft Ver. 3 control software (Hiden, Manchester, UK).
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Figure 1. SIMS depth profiling of Ag coatings on Ni substrate: (a) initial sample; (b) after corrosion test.
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Figure 2. SIMS depth profiling of ZrN coatings (mock silver) on Ni substrate: (a) initial sample;
(b) after corrosion test.
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Figure 3. SIMS depth profiling of Ag coatings on white bronze substrate: (a) initial sample; (b) after

corrosion test.
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Figure 4. SIMS depth profiling of ZrN coatings (mock silver) on white bronze substrate: (a) initial

sample; (b

) after corrosion test.

It is worth recalling that the intensities of the mass peaks are related to the concen-
tration of the corresponding chemical elements, but their magnitude in the SIMS method
is drastically influenced by the efficiency of the ionization of the sputtered atoms, which
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depends on the ionization potential of these atoms. This explains the high intensity of
23Na* (the ionization energy of Na is 5.139 eV [9]). The depth scale in all figures was
calculated from the sputtering times, and crater depths were measured by a Stylus Profiler
P-10 (Tencor, Milpitas, CA, USA) after the end of the SIMS analysis, assuming a constant
sputtering rate over the whole analyzed depth.

From the SIMS depth profiles presented in Figure 1a, one can conclude that Cr is
present on the surface and throughout the whole thickness of the Ag coating of the initial
sample. The thickness of this coating was found to be within 0.1-0.15 um, which is an
order of magnitude greater than what was indicated by the manufacturer based upon the
time of the coating deposition. Additional SEM studies showed that the surface of the Ag
coating is rough, and the arithmetic mean deviation R, of the roughness profile measured
by a profilometer turned out to be comparable with the thickness of the coating itself. After
the corrosion test (Figure 1b), in addition to Cr, Ni was observed on the coating surface,
which diffused from the substrate material through the Cr layer. The intensity ratio of the
8Ni* mass peaks on the coating surface before and after the corrosion test exceeded 107,
and for the 23Cr* mass peak, this ratio was equal to 2.

As for the ZrN coating on the initial sample with the Ni substrate (Figure 2a), the
Cr penetration from the adhesion layer onto the surface of this coating was much less
pronounced than in the case of the Ag coating (Figure 1a). This can be explained by the
greater thickness of the coating, which, according to the results of SIMS depth profiling,
was found to be 0.25-0.3 pm, which approximately coincides with the data provided by
the manufacturer. The corrosion test (Figure 2b) also caused intense diffusion of Ni onto
the surface of the ZrN coating, and the intensity ratio of the 5¥Ni* mass peak before and
after the corrosion test reached 10°, which is approximately five times greater than for the
Ag coating on the same substrate. At the same time, the intensity of the >>Cr* mass peak
remained at the level of the initial sample. Note that the low intensity of the '*N* mass
peak could be explained by the low efficiency of positive ionization of the sputtered N
atoms (the ionization energy of N is 14.534 eV [9]).

For the initial sample with an Ag coating on white bronze (Figure 3a), the presence
of chromium on the surface and inside the coating was also observed. After the corrosion
test (Figure 3b), the intensity of the >*Cr* mass peak increased by 1.5 times, and the
intensity of the ®*Cu* mass peak due to diffusion from the substrate material increased by
approximately 50 times. As for the ZrN coating on the same substrate (Figure 4a,b), the
intensity of the mass peaks of Zr* and Cr* ions after the corrosion test for these samples
remained at the level of the initial samples, and the diffusion of Cu from the substrate led
to an increase in mass peak ®*Cu* of approximately 8 times. Another component of white
bronze (Sn) was monitored by the molecular ion 1°2(SnO,)*, the intensity of which did not
change significantly after the corrosion test.

For quantitative interpretation of the SIMS data, the relative sensitivity factors (RSF)
can be used [5,10], which are experimentally determined as [5]

RSF; = G2, )
i

where I,;; and I; are the intensities of the mass peaks of the matrix and impurity ions (sum
of the isotopes), respectively, and C; is the concentration of impurity atoms in the matrix.

The RSF method is more suitable for assessing a low concentration of impurities
(Ci <1 at.%), but good results were also obtained for Sij_Gex (0.092 < x < 0.78) [11]. We
used this method to calculate the concentrations of metals on the surface of the decorative
coatings studied. The RSF values for Ag, Cr, Zr, and substrate metals (Ni, Cu, and Sn) are
given in Table 1, and the intensities of their mass peaks of positive ions were obtained from
the measured mass spectra of the samples.
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Table 1. RSF values for metals entered into the composition of decorative coatings and substrates [9].

Ag Cr Ni Zr Cu Sn
500 65 370 40 310 300

We should note that our calculation is semi-quantitative since surface contaminants
(alkali and alkaline earth metals, hydrocarbons, water, gaseous impurities, etc.) were not
taken into account and the RSF values were used for the impurities in the silicon matrix.
Estimated concentration calculations were made using the following formula [5]:

I-RSF),
(LRSE): 100 at.%. )

= TrRsH),

The results obtained for both types of decorative coatings before and after the corrosion
test are presented in Table 2.

Table 2. Concentration of metals C; (at.%) in decorative coatings before and after corrosion test (wb
means white bronze).

Ag on Ni Agonwb ZrN on Ni ZrN on wb
Initial sample Ag20,Cr 80 Ag10,Cr90 Zr83,Cr11,Ni6 Zr88,Cr12
After corrosion test Ag?2,Cr89,Ni9 Ag8,Cr88,Cu3,5n1 Zr6,Cr2,Ni92 Zr84,Cr5,Cu8,5n3

4. Conclusions

Based on the results of SIMS depth profiling presented in Figures 1-4 and the metal
concentration estimates shown in Table 2, the following conclusions were made:

e  Ag coatings on Ni and white bronze substrates, even for the initial samples, contain
a large amount of Cr, and the degradation of these coatings progresses after the
corrosion test.

e Initial ZrN coatings on Ni and white bronze substrates were less broken due to
Cr diffusion from the intermediate adhesion layer placed between the coating and
the substrate than in the case of Ag coatings with the same adhesion layer on the
same substrates.

e  ZrN coatings on a white bronze substrate turned out to be the most resistant to the
corrosion test.

To improve the quality of decorative coatings, we recommended that the manufacturer
increase the thickness of Ag coatings, reduce the roughness of the substrates, and find a
replacement for the Cr adhesive layer to prevent the diffusion of Cr and substrate metals
(Ni, Cu, and Zn) into the coatings.

Author Contributions: Conceptualization: A.T. and D.F; investigation: A.T.; visualization: T.A., Y.L.
and B.H.; formal analysis: D.F. and T.A.; writing—original draft preparation: T.A.; writing—review
and editing: A.T., D.F. and T.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China under the
grant Nos. 12375285 and 12305328.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Acknowledgments: A.T. thanks C. Pagura (CNR-IENI, Padua, Italy) for providing the opportunity to
carry out experimental studies in his laboratory.

Conflicts of Interest: The authors declare no conflicts of interest.



Coatings 2024, 14, 469 60f6

References

1.  Fashion Metal. Available online: https://www.fashionmetalacc.com/ (accessed on 10 March 2024).

2. Giurlani, W,; Zangari, G.; Gambinossi, F; Passaponti, M.; Salvietti, E.; Di Benedetto, F.; Caporali, S.; Innocenti, M. Electroplating
for Decorative Applications: Recent Trends in Research and Development. Coatings 2018, 8, 260. [CrossRef]

3. Vorobyova, M.; Biffoli, F; Giurlani, W.; Martinuzzi, S.M.; Linser, M.; Caneschi, A.; Innocenti, M. PVD for Decorative Applications:
A Review. Materials 2023, 16, 4919. [CrossRef] [PubMed]

4. Benninghoven, A.; Riidenauer, F.G.; Werner, H-W. Secondary Ion Mass Spectrometry: Basic Concepts, Instrumental Aspects, Applications,
and Trends; Wiley: New York, NY, USA, 1987.

5. Wilson, R.G; Stevie, F.A.; Magee, C.W. Secondary Ion Mass Spectrometry: Practical Handbook for Depth Profiling and Bulk Impurity
Analysis; Wiley: New York, NY, USA, 1989.

6.  Standard ISO 9227:2022. Available online: https:/ /www.iso.org/standard /81744.html/ (accessed on 5 April 2024).

7. Tolstogouzov, A.; Daolio, S.; Pagura, C.; Greenwood, C.L. Energy distributions of secondary ions sputtered from aluminium and
magnesium by Ne™, Ar" and O,*: A comprehensive study. Int. J. Mass Specrom. 2002, 214, 327-337. [CrossRef]

8. Bardi, U.; Caporali, S.; Chenakin, S.P.; Lavacchi, A.; Miorin, E.; Pagura, C.; Tolstogouzov, A. Characterization of electrodeposited
metal coatings by secondary ion mass spectrometry. Surf. Coat. Technol. 2006, 200, 2870-2874. [CrossRef]

9.  National Center for Biotechnology Information (USA). Available online: https://pubchem.ncbi.nlm.nih.gov/ptable/ionization-
energy/ (accessed on 4 April 2024).

10.  Wilson, R.G. SIMS quantification in Si, GaAs, and diamond—An update. Int. ]. Mass Spectrom. lon Process 1995, 143, 43—49. [CrossRef]

11.  Drozdov, M.N.; Drozdov, Y.N.; Csik, A.; Novikov, A.V,; Vad, K,; Yunin, P.A.; Yurasov, D.V.; Belykh, S.E,; Gololobov, G.P.; Suvorov,

D.V,; et al. Quantitative depth profiling of Si;_Gey structures by time-of-flight secondary ion mass spectrometry and secondary
neutral mass spectrometry. Thin Solid Film. 2016, 607, 25-31. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.fashionmetalacc.com/
https://doi.org/10.3390/coatings8080260
https://doi.org/10.3390/ma16144919
https://www.ncbi.nlm.nih.gov/pubmed/37512195
https://www.iso.org/standard/81744.html/
https://doi.org/10.1016/S1387-3806(02)00523-7
https://doi.org/10.1016/j.surfcoat.2004.11.029
https://pubchem.ncbi.nlm.nih.gov/ptable/ionization-energy/
https://pubchem.ncbi.nlm.nih.gov/ptable/ionization-energy/
https://doi.org/10.1016/0168-1176(94)04136-U
https://doi.org/10.1016/j.tsf.2016.03.049

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

