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Abstract 

Surface engineering includes many different processes for modifying and coating surfaces of tools and 
structural parts in order to adapt them to specific exploitation requirements. Improving the properties of 
materials by such processes primarily implies reducing degradation caused by wear or unwanted corrosion 
processes, and ultimately with the aim of extending the tool life under certain operating conditions. In this 
paper, preliminary investigations of material properties were performed using the recently developed non-
destructive method of electrochemical impedance spectroscopy (EIS) on test specimens of two structural 
steels coated by hard chromium plating, chemical nickel plating and plasma-assisted chemical vapour 
deposition (PACVD) layers. The method measures the complex resistance spectrum in a wide frequency 
range of the input AC signal, which enables a detailed analysis of the examined coating-substrate systems. 
The conducted examination monitored changes in resistance on undamaged and damaged layers in order 
to understand the possibility of applying the EIS method for detecting damage to protective coatings.  
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Sažetak 

Inženjerstvo površina obuhvaća niz različitih postupaka modificiranja i prevlačenja površina alata i 
konstrukcijskih dijelova sa svrhom njihovog prilagođavanja specifičnim eksploatacijskim zahtjevima. 
Poboljšavanje svojstava materijala takvim postupcima ponajviše podrazumijeva usporavanje oštećenja 
uzrokovanih trošenjem ili neželjenim korozijskim procesima, a u konačnici s ciljem produljenja vijeka 
trajanja u određenim uvjetima rada. U ovom radu provedena su preliminarna istraživanja svojstava 
materijala korištenjem nedavno razvijene nerazorne metode elektrokemijske impedancijske 
spektroskopije (EIS) na ispitnim uzorcima od dvaju konstrukcijskih čelika prevučenih postupcima tvrdog 
kromiranja, kemijskog niklanja te slojevima nastalim plazmatski potpomognutim kemijskim prevlačenjem 
iz parne faze (PACVD). Korištena metoda mjeri spektar kompleksnog otpora u širokom frekvencijskom 
području ulaznog AC signala što omogućuje detaljnu analizu ispitivanih sustava podloga-prevlaka. 
Provedenim ispitivanjima praćene su promjene otpora na neoštećenim i oštećenim slojevima s ciljem 
spoznaje o mogućnosti primjene EIS metode za detektiranje oštećenja zaštitnih prevlaka. 

Ključne	riječi:	elektrokemijska	impedancijska	spektroskopija,	kromiranje,	niklanje,	PACVD.



 

 

 

206 

1. INTRODUCTION	

The selection of the optimal material for a particular application and determining the 
ways of its processing is fundamental for achieving structures and tools with required 
structural, mechanical, chemical and physical properties. With the most relevant group of 
technical materials, iron alloys, there is a need for applying different technological 
methods to obtain properties that they do not otherwise possess. Modern surface 
engineering methods are particularly useful to enhance the performance of tools and 
machine parts, such as wear or corrosion resistance, which results in extending their 
durability and service life [1]. By applying the processes of modifying and coating, it is 
possible to form a substrate/surface layer system with satisfactory properties and 
acceptable cost-effectiveness of application [2]. Demands for lower costs and at the same 
time the increase in productivity and product quality therefore encourage the 
development and application of the surface coating processes. Industrially applicable 
hard protective layers are usually composed of nitrides, borides, and carbides of 
transition metals [3]. Coating type is selected depending on the application and tool 
material and can be produced by several techniques, such as thermo-reactive deposition 
(TRD) [4], chemical vapor deposition (CVD), physical vapor deposition (PVD) and plasma-
assisted chemical vapor deposition (PACVD) [5]. Plasma-assisted chemical vapor phase 
coating (PACVD) is one of the most modern surface engineering technologies that 
combines CVD and PVD process and thus allows the deposition of uniform complex 
coating systems at significantly lower temperatures [6]. Workpieces coated with PACVD 
layers had shown increased resistance to various wear mechanisms and corrosion, low 
coefficient of friction and stability of properties when working at high operating 
temperatures [7]. For increasing wear resistance of steels, conventionally manufactured 
titanium based (TiN, TICN, TiAlN) coatings can be applied [8]. Furthermore, to 
characterize the layers formed by PACVD by the coating method, tests of their structural 
and mechanical properties are performed [9]. Also, tribological properties are examined 
[10] and corrosion testing is often performed [11]. In particular, the method of 
electrochemical impedance spectroscopy is widely used as a method for determining the 
corrosion resistance of coatings [12] and investigates the surface structure influence on 
the electrochemical properties [13]. The novel method of measuring impedance with a 
quasi-solid-phase electrolyte was originally developed for application on organic coatings 
but has recently been successfully applied to chromium and vanadium carbide coatings 
obtained by the TRD method [14]. Several recent scientific papers point to models of 
equivalent circuits that can be applied to PACVD coatings [15]. PACVD coatings generally 
show several orders of magnitude higher impedance values than unprotected substrate 
[16]. That indicates their lower reactivity and the formation of a barrier between the 
environment and the substrate [17]. In this study, Titanium Carbonitride, Titanium 
Nitride, Hard Chrome and Electroless Nickel layers obtained on two different types of 
steel were investigated using a novel EIS method in order to identify possible parameters 
indicative of the electroactivity and surface morphology, gain new basic knowledge about 
the impedance behavior of hard coatings obtained by different surface engineering 
methods and therefore determine the reliability of the novel method for practical 
application. 
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2. EXPERIMENTAL	

The study was performed on eight samples consisting of four coatings: Titanium 
Carbonitride (TiCN), Titanium Nitride (TiN), Hard Chrome (HC), and Electroless Nickel 
(EN), which were applied to two substrates, 1.1210 and 42CrMo4 steel. Each of the 
samples was damaged at two locations using the Taber wheel method. The details of 
coating application and abrasion were not known, and the coatings were not further 
characterized. 

The ReCorr® QCQ setup was used for the EIS measurements. The setup is shown in Figure 
1 and consists of an EIS measuring instrument with shielded cables leading to the flexible 
conductive, carbon-based polymer electrode acting as a counter and reference electrode 
and a substrate. The electrode adheres to the substrate with a natural wax and carbon-
based paste. The frequency range used in the measurements was between 105 and 10-1 
Hz, the AC signal amplitude was 10 mV, and the acquisition density was 5 points per 
decade. After measuring the spectra, single frequency measurement was repeated 5 or 10 
times at 0.1 Hz. The time for measuring the EIS spectrum is 2.5 minutes and the time for 
5 measurements at 0.1 Hz is 3 minutes. 

In all cases, the surface of one electrode was masked (Figure 1b) with a 0.18 mm thick 
adhesive tape and the exposed electrode area was limited to a circular area of 1 cm2. Since 
the samples were already in equilibrium with the environment, very short equilibration 
time of up to 60 s was required for the measurements in the paste. The DC bias potential 
of the EIS measurements corresponded to the value of the stabilized open circuit 
potential. After the measurements, the paste was removed by carefully wiping the surface 
with a damp cloth without damaging the surface layer of the object.  

a)																																																																								b)	

Fig.	1:	Schematic	diagram	of	a)	the	measurement	setup	and	b)	the	cell	setup.	

Measurements were made on the undamaged surface and on the two damaged surfaces 
of each sample. The equivalent circuit with the parameters fitted to the experimental data 
is shown in Figure 2. 
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Fig.	2:	Equivalent	circuit	for	fitting	the	EIS	data	of	coated	steels.		

The capacitances 𝐶 were calculated from the resistances 𝑅 and parameters 𝑄 and 𝑛 of the 
constant phase element 𝐶𝑃𝐸 according to the formula 𝐶 𝑄𝑅 ⁄ 𝑅⁄ . 

 

3. RESULTS	AND	DISCUSSION	

The coatings tested in this study are shown in Figures 3 and 4. The first column shows the 
surface of the intact coatings at a magnification of 750. TiCN and TiN coatings appear 
homogeneous, the HC coating shows a characteristic cracked structure [18], and the EN 
coating shows relatively dense, randomly distributed craters that are probable hydrogen 
related plating defects [19]. The second, third and fourth columns show the photos of the 
intact and the two damaged coating sites after the EIS measurement. All coatings follow 
the morphology of the machined substrate. No damage can be seen that can be attributed 
to the measurement. 
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1.1210	steel

TiN	 TiN TiN_dmg1 TiN_dmg2	

    

TiCN	 TiCN TiCN_dmg1 TiCN_dmg2	

    

HC	 HC HC_dmg1 HC_dmg2	

    

EN	 EN EN_dmg1 EN_dmg2	

    

Fig.	3:	Appearance	of	the	intact	coated	1.1210	steel	samples	in	the	photomicrographs	
(enlarged	750)	and	of	the	intact	and	damaged	samples	in	the	photographs.	
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42CrMo4	steel

TiN	 TiN TiN_dmg1 TiN_dmg2	

    

TiCN	 TiCN TiCN_dmg1 TiCN_dmg2	

    

HC	 HC HC_dmg1 HC_dmg2	

    

EN	 EN EN_dmg1 EN_dmg2	

    

Fig.	4:	Appearance	of	the	intact	coated	42CrMo4	steel	samples	in	the	
photomicrographs	(enlarged	750	)	and	of	the	intact	and	damaged	samples	in	the	

photographs.	

 

 

Figure 5 shows representative Bode spectra of the coating with three time 
𝑅 𝑅 𝑄 ) 𝑅 𝑄 ) 𝑅 𝑄 ), and two time constants  𝑅 𝑅 𝑄 ) 𝑅 𝑄 ). The red lines represent 
fits to the equivalent circuits.  
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Fig.	5:	Representative	Bode	spectra	of	the	coating	with	three	time	constants	(TiN	on	1.1210	steel)	
and	two	time	constants	(EN	on	1.1210	steel).	The	red	lines	represent	fits	to	the	equivalent	circuits.	

 

At very high frequencies (f > 105 Hz), the phase angle approaches zero which means that 
the capacitances in the equivalent circuit shown in Figure 2 behave like a short circuit. 
The only parameter that can be derived from the measured data is the electrolyte 
resistance 𝑅 that corresponds to the resistance of the electrolyte paste pressed between 
the sensor electrode and the substrate. The high frequency (10 𝑓 10  Hz) part of the 
spectrum probably reflects the parasitic resistance, 𝑅 , and the capacitance, 𝐶 , of the 
sensor electrode/electrolyte paste interface. The average value of 𝑅 6.36 10   cm2 
accounts for 0.24% of the average total resistance of the coating, 𝑅 𝑅 𝑅
 2.59 10  cm2 and can be neglected. The average value of 𝐶 1.55 F cm-2 and the 
fact that it is short circuited by a 𝑅  allows this capacitive influence to be limited to high 
frequencies and not to affect the middle (10 𝑓 10  Hz) and low frequency (𝑓
10  Hz) parameters relevant to the characterization of the coating.  

To conclude, in the rest of the text 𝑅 , 𝑅 , 𝑅  𝐶  and 𝐶  are used to characterize the intact 
and damaged coatings while 𝑅  and 𝐶  are neglected.  

 

 

 

 

 



 

 

212 

a)	 b)

c)	 d)

Fig.	6:	Corrosion	potentials	and	logarithms	of	resistance	of	different	intact	and	damaged	
coatings	on	a)	and	c)	1.1210	and	b)	and	d)	42CrMo4	steels,	respectively.	

 

Figures 6 a) and b) show the corrosion potential of the intact and damaged coatings on 
1.1210 and 42CrMo4 steel. All intact coatings except EN have more positive resistance 
values than the damaged coatings, again consistent with the removal of the more 
electropositive (less electroactive) coating from the less electropositive (more 
electroactive) substrate [20].  

Figures 6 c) and d) show the logarithms of the resistance of the intact and damaged 
coatings on the 1.1210 and 42CrMo4 steels. All the intact coatings, except EN, have more 
positive values of the resistance than the damaged coatings which is again consistent with 
removal of the more electropositive (less electroactive) coating from the less 
electropositive (more electroactive) substrate. At this point, it should be noted that the 
results of the two independently measured parameters are in agreement.  
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a)	 b)

c)	 d)

Fig.	7:	Logarithms	of	fitted	resistances	and	fitted	capacitances	of	different	intact	coatings	on a)	
and	c)	1.1210	and	b)	and	d)	42CrMo4	steels,	respectively.	

 

Figures 7 a) and b) show the logarithms of the fitted resistances of various intact coatings 
on 1.1210 and 42CrMo4 steel, respectively. Figures 7c) and d) show the capacitances of 
the same coatings.  Figure 8 shows the same parameters for the damaged coatings. All 
coatings on 1.1210 steel and the HC coating on 42CrMo4 steel were fitted to the equivalent 
circuit with three time constants, and the remaining coatings on 42CrMo4 steel were 
fitted to the equivalent circuit with two time constants. Table 1 shows the averaged values 
of the fitted parameters. The averaged values show a general trend of 𝑅 𝑅  and 𝐶
𝐶 . Also, the resistances of the undamaged coatings are higher than those of the damaged 
coatings and the capacitances of the undamaged coatings are lower than those of the 
damaged coatings. The capacitance values of 10 – 40 F cm-2 are characteristic of the 
smooth electrodes. Therefore, it is reasonable to assume that the parameters 𝑅  and 𝐶  
are related to the Faradaic response at the coating surface and the parameters 𝑅  and 𝐶  
are related to the Faradaic responses at the substrate surface. The substrate appears less 
electroactive due to the smaller exposed area. The significantly higher average value of 𝐶  
obtained for the damaged TiN, TiCN and HC coatings on 1.1210 steel probably indicates 
roughening of the substrate due to abrasion. This effect was not observed for the EN 
coating. 
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a)	 b)

c)	 d)

Fig.	8:	Logarithms	of	resistance	and	corrosion	potentials	of	different	damaged	coatings	on	a)	and	
c)	1.1210	and	b)	and	d)	42CrMo4	steels.	

 

Tab.	1:	Average	values	of	resistances	and	capacitances	obtained	for	intact	and	damaged	coatings	
on	1.1210	and	42CrMo4	steel.	

	
Substrate	

𝑹𝟐/ 
M cm2	

𝑹𝟑/ 
M cm2	

𝑪𝟐/
F cm-2	

𝑪𝟑/ 
F cm-2	

𝑪𝟑 on EN/
F cm-2	

Intact	 1.1210 0.356 5.71 33 67 - 

42CrMo4 1.30 5.89 28.1 35.1 - 

Damaged	 1.1210 0.134 1.05 41.3 157* 48.4 

42CrMo4 0.372 0.831 36.6 50.7 - 

*Averaged for TiN, TiCN and HC. 

 

It should also be noted that all damaged coatings have three time constants, which 
supports the assumption that the third time constant is related to the substrate that 
appears in the originally impermeable coatings after they are damaged by abrasion. 
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4. CONCLUSION	

The present study has identified the corrosion potential and the middle and low 
frequency resistances and capacitances of the coating as possible parameters indicative 
of the electroactivity and surface morphology of the coating and substrate. Further 
studies are needed that include detailed analysis of the coating and damage structure and 
precise stepwise damage to quantitatively assess the coating based on the identified 
parameters. 

Although the paste electrolyte has been shown to be nondestructive, it can also be 
improved to reduce its influence on the high frequency part of the impedance spectrum.  

The approach that would eliminate the need for the fitting procedure would be important 
for practical application but would also need to emerge from the correlation of the EIS 
results and the detailed coating and damage structure. 
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