
Northumbria Research Link

Citation: Yang, Tao, Chen, Wenge, Li,  Xin, Song, Jiulong, Dong, Longlong and Fu, Yong
Qing (2021) Environment-friendly and chromium-free passivation of copper and its alloys.
Materials Today Communications, 29. p. 102826. ISSN 2352-4928 

Published by: Elsevier

URL:  https://doi.org/10.1016/j.mtcomm.2021.102826
<https://doi.org/10.1016/j.mtcomm.2021.102826>

This  version  was  downloaded  from  Northumbria  Research  Link:
https://nrl.northumbria.ac.uk/id/eprint/47362/

Northumbria University has developed Northumbria Research Link (NRL) to enable users
to access the University’s research output. Copyright © and moral rights for items on
NRL are retained by the individual author(s) and/or other copyright owners.  Single copies
of full items can be reproduced, displayed or performed, and given to third parties in any
format or medium for personal research or study, educational, or not-for-profit purposes
without  prior  permission  or  charge,  provided  the  authors,  title  and  full  bibliographic
details are given, as well as a hyperlink and/or URL to the original metadata page. The
content must not be changed in any way. Full items must not be sold commercially in any
format or medium without formal permission of the copyright holder.  The full policy is
available online: http://nrl.northumbria.ac.uk/policies.html

This document may differ from the final, published version of the research and has been
made available online in accordance with publisher policies. To read and/or cite from the
published version of  the research,  please visit  the publisher’s website (a subscription
may be required.)

                        

http://nrl.northumbria.ac.uk/policies.html


 

Environment-friendly and chromium-free passivation of copper and its alloys 

Tao Yanga, Wenge Chena, , Xin Lia, Jiulong Songa, Longlong Dongb, YongQing Fuc, 

a School of Materials Science and Engineering, Xi’an University of Technology, 

Xi’an, Shaanxi, 710048,P.R. China 

b Advanced Materials Research Central, Northwest Institute for Nonferrous Metal 

Research, Xi'an 710016, China 

c Faculty of Engineering and Environment, Northumbria University, Newcastle upon 

Tyne, NE1 8ST, UK 

Abstract: Benzotriazole (BTA) and tolyltriazole (TTA) were used to passivate pure 

copper and chromium bronze alloys for environmental protection. Using the chemical 

immersion treatment, a dense film of chromium-free passivation layer was formed on 

surfaces of both the pure copper and chromium bronze alloys. Microstructure, 

crystalline phases and chemical bonds of the passivation layers were systematically 

characterized, and the passivation mechanisms were studied. The passivation layer 

was mainly consisted of CuO, Cu2O, polymers of Cu-BTA-TTA and Cu(I)BTA-TTA. 

The formation mechanism of the chromium-free passivation layer was identified as 

combined oxidation and adsorption, and the main passivation processes included 

oxidation and dissolution of the matrix, adsorption of BTA and its derivatives, 

self-stabilization process of the adsorbed film, and filling of passivation film’s voids 

by oxide particles. 
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1. Introduction 

Owing to their excellent electrical and thermal conductivities and good 

mechanical workability, copper (Cu) and its alloys are widely used in pipelines for 

domestic and industrial water utilities, including those in sea water, heat conductors, 

and heat exchanger 1. In harsh environments, especially those containing Cl- and/or 

SO4
2- ions, significant corrosion and discoloration will occur, thus severely affecting 

mechanical properties and service life of these copper alloys 2. Hence, many 

researchers applied different surface treatments on these copper alloys, including 

solution deposition, cast infiltration, chemical heat treatment, spray coating, surface 

oxidation, plasma treatment or coating, vapor deposition, and laser cladding, etc. 3-6. 

Most of these methods are used to form single film or multi-layer films on the surface 

of Cu alloys, which can isolate the substrate from the external environment and thus 

provide protective and anti-corrosive effects. Among these methods, chemical 

passivation is one of the simplest and most practical ones. 

Copper passivation technology can be divided into chromium passivation one 

and chromium-free passivation one. The chromium passivation process is mature, and 

the mechanism is well-understood. The passivation using chromates results in the 

formation of a dense chromium and copper oxide layer on the copper surface with its 

thickness from 0.1 to 1 μm. Trivalent chromium compound has a high strength and 

acts as a skeleton in the passivation film. Hexavalent chromium compound is soluble 

in water and can be combined with the trivalent chromium compound, thus achieving 

self-repair protection 7-9. However, hexavalent chromium is toxic and not 



 

environment-friendly, and has been banned in the early years. Rare earth element 

based passivation process is environmental-friendly, but the processing time is often 

quite long and the procedures are complicated 10. Recently, chromium-free corrosion 

inhibition technology has been developed rapidly, and it has advantages such as good 

adsorption on the surface of copper and its alloys, and less toxicity and pollution. The 

copper corrosion inhibitors mainly include benzotriazole (BTA) and 

mercaptobenzothiazole. The former is expensive, whereas the latter is cheaper but less 

water soluble 11, 12.  

At present, there are two types of formation mechanisms of the passivation 

layers commonly used in the industry, e.g., phase formation on the surface layer, and 

adsorption of a new layer 13, 14. The formulation and process of chromium-free 

passivation is relatively well-understood. However, the mechanism of chromium-free 

passivators is not well investigated. Fachikov et al. 15 studied the anti-corrosion 

mechanism of molybdate conversion coating on Zn matrix, and reported that the 

phosphorus element in the passivation solution is a pollution for the environment. 

Motte et al. 16 studied the film formation mechanism of silane passivation solution on 

the surface of hot-dip galvanized steel sheets. In Ref. [17], a Cu-BTA surface layer 

formed between BTA and Cu was identified as the main reason for increasing the 

corrosion resistance 17. Ref. [18] showed that the CuO and Cu2O can form a 

multilayer passivation film 18. However, so far the formation process of the 

passivation film and the role of CuO and Cu2O are not fully understood.  

This work investigates a new chromium-free passivation process of pure copper 



 

and chromium bronze using benzotriazole (BTA) and tolyltriazole (TTA). Through a 

chemical immersion treatment, a dense film of chromium-free passivation layer was 

formed on surfaces of both pure copper and chromium bronze alloys. Microstructures, 

crystalline phases and chemical bonds of the passivation layers were systematically 

characterized. Formation processes and passivation mechanisms of chromium-free 

passivation layer were explored, which provide the critical guidance and information 

for the industry applications. This study also provides design methodologies for new 

passivation agents and characterization/analysis methods for the passivation films.  

2. Materials and methods 

2.1 Raw materials  

Commercially available pure copper and chrome-bronze QCr0.5 alloy were 

applied as the source materials in this work and machined into dimensions of 3 

mm×20 mm×30 mm and Φ20mm×2mm, respectively. Their corresponding chemical 

compositions, evaluated using a method based on a standard of GB/T 5121.1-2008, 

are listed in Table 1.  

Table 1 Chemical composition of pure copper and chromium bronze 

Materials 

Chemical composition (wt. %) 

Sb As Fe Pb S Cr Ni Bi Cu 

Pure copper 0.002 0.002 0.005 0.005 0.005 - - 0.001 Bal. 

Chromium bronze - - 0.1 - - 0.4~1.1 0.05 - Bal. 

2.2 Pretreatment and passivation methods 

The passive film on the Cu samples was formed using a combined surface 



 

pretreatment and passivation process as shown in Fig. 1. The detailed procedures are 

listed as follows. (1) In order to remove the surface impurity and contamination, the 

samples were firstly polished and washed using a sulfuric acid solution (10%) for 3 

min. (2) The remaining acid solution on the sample surface was ultrasonically 

removed in the deionized water. (3) A passive solution (see Table 2) was synthesized 

with the assistance of magnetic stirring. (4) Finally, the pretreated Cu alloy samples 

were immerged into the passivation solution for different durations (0.5 ~ 5 min). The 

temperature of passivation solution was monitored using a thermometer (20~80oC) 

and the PH value (2~8) was continuously measured using a pH meter. (5) After the 

passivation process, the samples were washed using DI water for at least 5 times, and 

then dried at 40oC for 24 hrs. Table 2 lists the composition and conditions of the 

passivation solutions. 

 

Fig. 1. The process diagram of passivation of Cu alloys in this study 

Table 2. Composition of green and friendly passivation solutions in this work 



 

Composition and 

conditions 

BTA 

Tolyltriazole 

(TTA) 

H2O2 PH  Temperature/℃ Time/min 

Values 4 g/L 4 g/L 20 ml/L 2~8 20~80 0.5~5 

2.3 Characterization 

Microstructures of samples before and after passivation processes were 

characterized using a Nikon COOLPIX A10 camera and a scanning electron 

microscope (SEM, JSM-7000F, Japan, with an acceleration voltage of 15 kV). 

Crystalline phases of the passivation film were characterized using X-ray diffraction 

(XRD, 7000S, Japan, Cu-Kα, 40kV/40mA, 2θ range 20~80o, scanning speed: 1 °/min 

and a step size of 0.02°). The chemical state analysis of the passivation film was 

performed using an X-ray photoelectron spectroscope (XPS, AXIS ULTRA, UK, Al 

Kα X-ray ray source with an energy of 1486.6 eV). The base vacuum of the analysis 

chamber was 4×10
-8

 Torr. Casa XPS software was used to perform peak splitting 

and data Gaussian fitting processing. The background of the peak was extracted using 

a Shirley approach, and calibration of the peak was performed using the C1s peak of 

284.8 eV as the standard reference. 

A Parstat 2273 electrochemical workstation was used to determine the 

potentiodynamic polarization curves of the passivation layers in a 5% NaCl solution. 

A saturated calomel electrode was used as the reference electrode, the platinum sheet 

was used as the auxiliary electrode, and the sample with a working area of 1 cm2 was 

used as the working electrode. The electrochemical parameters obtained were used to 

evaluate the corrosion resistance of the passivation film. 

http://www.thwater.com/watertreatmentchemical/Methylbenzotriazole.htm


 

3. Results and discussion 

After the pretreatments (grinding, sandpaper-polishing and acid cleaning) and 

passivation treatments (BTA-TTA compound passivation and chromate passivation) 

of pure copper and chromium bronze samples, their macroscopic images were 

obtained and are shown in the supplementary material (Figs. s1 and s2). Compared 

with those of the pretreated pure copper samples shown in Figs. s1(a) and s1(b), the 

surfaces of the passivated samples in Figs. s1(c) and s1(d) show clean, smooth and 

dense surfaces. The changes of surface color before and after passivation suggests the 

formation of passivation films, as compared with Figs. s1(a)~s1(b) and Figs. 

s1(c)~s1(d). As shown in Fig. s2, the chromium bronze samples show similar 

phenomena with the pure copper before and after passivation treatments. 

Crystalline phases of the passivated pure copper and chromium bronze surfaces 

obtained using XRD are shown in Fig. 2. Three obvious Cu peaks in Fig. 2 are 

observed for all the samples. The absence of the peaks for the passivation film is 

mainly due to its low contents, or small sizes, which is beyond the detection limit of 

XRD. However, the amplitudes of the Cu peaks decrease a lot after passivation, 

suggesting the presence of a top layer of passivation film 19, 20, which is consisted of 

amorphous phases owing to the presence of BTA or TTA. In addition, the XRD 

diffraction pattern (Fig. 2) shows that the passivated layer has a weak Cu2O 

diffraction peak at around 37°, and it was reported that Cu2O has an excellent 

protective effect for the copper matrix 21. 



 

 

Fig. 2 XRD diffraction patterns of pure copper and chromium bronze samples after 

passivation treatments by different processes.(a) pure copper; (b) chromium bronze 

From the XPS survey spectrum (Fig. 3(a)), the main elements in the 

chromium-free passivation film of the pure copper sample are Cu, C, N, and O. The 

high-resolution spectrum of Cu element in the passivation film is shown in Fig. 3(b). 

The peaks at 955.6 eV (2p 3/2) and 935.6 eV (2p 1/2) represent Cu2+, while the peaks at 

932.8 eV (2p 1/2) and 935.6 eV (2p 3/2) represent Cu+ in Cu2O 22. Fig. 3(c) shows the 

high-resolution spectrum of the O element in the passivation film, which has only one 

peak at 531.9 eV, corresponding to the overlapped peaks of lattice oxygen and 

adsorbed oxygen. The high resolution spectrum of N element in the passivation film is 

shown in Fig. 3(d), which has only one peak at 397.1 eV, corresponding to the N=N 

bond of the chemical structure of BTA and TTA 23. Fig. 3(e) is the high resolution 

spectrum of the C element, The peaks at 284.8 eV, 286.3 eV, 287.1 eV and 289.1 eV 

are corresponding to C-C, C(C-O), C-OH and COOH, respectively 24. 



 

 

Fig. 3. XPS spectra of chromium-free passivation film of pure copper samples. (a) 

survey spectrum; high resolution spectra of (b) Cu 2p; (c) O 1s; (d) N 1s; (e) C 1s 

From the survey spectrum of chromium-free passivation film for the chromium 

bronze sample (Fig. 4(a)), its surface composition is similar to that of the pure copper 

sample, e.g., the main elements in the passivation film are still Cu, C, N, and O. This 

proves that the surface passivation film of chromium bronze samples is formed by 

CuO, Cu2O, Cu-BTA-TTA and Cu(I)BTA-TTA polymer.  



 

 

Fig. 4 XPS spectra of chromium-free passivation film of chromium bronze samples. 

(a) survey spectrum; high resolution spectra of (b) Cu 2p; (c) O 1s; (d) N1s; (e) C1s 

For the pure copper after grinding, sanding and acid cleaning, BTA-TTA 

compound passivation and chromate passivation, its SEM image is shown in Fig. 5. In 

Fig. 5(a), there are clear scratches and white lump of impurities on the surface of the 

samples. After the acid cleaning, the polishing scratches on the pure copper surface 

are still noticeable, but white lump of impurities nearly disappear (Fig. 5(b)). This 



 

indicates that acid cleaning can effectively remove surface oxides and impurities but a 

protective film cannot be easily formed on its surface. After passivation with the 

BTA-TTA compound, the scratches on the surface of pure copper are significantly 

reduced, and the surface is covered with a thin passivation film (Fig. 5(c)). However, 

compared with those with the chromate passivation layer (Fig. 5(d)), there are some 

scratches on the pure copper surface after passivation with the BTA-TTA compound. 

Chromate passivation produces a denser and smoother passivation film. The reason is 

because the chromate-treated pure copper surface produces chromic acid complexes 

such as xCrO3·yCr2O3·zH2O, which greatly increase the thickness of the passivation 

film, thereby covering the scratches. 

For the passivation process with BTA-TTA compounds, the main role of BTA is 

to stabilize the Cu2O layer. Specifically, a Cu/Cu2O/Cu(I)BTA polymer protective 

film is automatically formed on the surface of the substrate, due to the strong bonding 

between the Cu(I)BTA film and Cu2O layer. This makes the Cu2O layer more stable. 

Because the TTA is a derivative of BTA, in terms of molecular structure, TTA has 

more non-polar methyl groups than the BTA, so the monolayer film formed shows a 

better hydrophobicity. In addition, the presence of methyl groups will not influence 

the reactions between the BTA matrix molecule and Cu. On the other hand, a certain 

amount of CuO is generated in the oxidation process to fill in the voids within the 

original passivation film. The above processes lead to the formation of a dense 

passivation film to cover the surface of the copper substrate after passivation with the 

BTA-TTA compound. 



 

 

Fig. 5 SEM images of different passivation treatment of pure copper samples. (a) 

grinding; (b) sanding and acid cleaning; (c) BTA-TTA compound passivation; (d) 

chromate passivation 

SEM images of the chrome bronze after grinding, polishing and acid cleaning, 

BTA-TTA compound passivation and chromate passivation are similar to those of the 

pure copper. The scratches of the non-passivated specimens in Fig. 6(a) are significant. 

Also, the edges of the scratches clearly show white colored oxides and impurities. The 

impurities and oxides were significantly reduced after the acid cleaning as shown in 

Fig. 6(b), but the scratches can still be observed. When the samples are chrome-free 

passivated and chromate passivated, the passivation films are formed (Figs. 6 (b) and 

(c)). However, the chrome-free passivation film is much thinner and more porous than 

that of chromate film. 



 

 

Fig. 6 SEM images of different passivation treatments of chromium bronze samples. 

(a) grinding; (b) sanding and acid cleaning; (c) BTA-TTA compound passivation; (d) 

chromate passivation 

Fig. 7 shows the scratch morphology of pure copper samples after the 

passivation treatment. In Figs. 7(a) and 7(b), the color of the edges of the scratches is 

similar, and these are identified as the Cu matrix. However, the white layer around the 

scratch is clearly observed in Figs. 7(c) and 7(d), suggesting that a passivation layer is 

formed. Compared the enlarged images shown in Figs. 7(c1) and 7(d1), the 

chromate-passivated white layer is much thicker than that of the BTA compound 

passivated sample. Furthermore, it can be seen that the acid cleaning process can only 

remove impurities and oxides on the surface of the samples (Figs. 7(a) and 7(b)), but 

cannot produce a stable passivation film. The passivation film could only form during 

the BTA-TTA compound passivation and chromate passivation process. 



 

 

Fig. 7 SEM images of scratches on the surface of samples after different passivation 

treatments of pure copper. (a) grinding; (b) sanding and acid cleaning; (c) BTA-TTA 

compound passivation; (d) chromate passivation, Figs. (e), (f), (g), and (h) are 

enlarged views of the scratches of (a), (b), (c), and (d), respectively 

The surfaces of chromium bronze after the grinding sanding and acid cleaning 

surfaces are basically similar to those of pure copper (Figs. 7(a) and 7(b)). Figs. 8(c) 

and 8(d) show that white substances located around the edges of scratches can be 

obviously observed after the processes of BTA-TTA compound passivation and 

chromate passivation. However, the thickness of the passivation film of chromium 

bronze is much thinner than that of pure copper after the chromium-free passivation. 

 

Fig. 8 SEM images of scratches on the surface of chromium bronze after different 



 

passivation treatments. (a) grinding; (b) sanding and acid cleaning; (c) BTA-TTA 

compound passivation; (d) chromate passivation. Figs. (e), (f), (g), and (h) are 

enlarged views of the scratches of (a), (b), (c), and (d), respectively 

Fig. 9 shows the polarization curves of pure copper and chrome bronze samples 

in the 5% NaCl solution after different passivation processes. Compared to those after 

grinding, sanding and acid cleaning, the self-corrosion currents after chromium-free 

passivation and chromate passivation are significantly reduced. This shows that the 

chromium-free passivation and chromate passivation processes have good protective 

effects for these samples, and help to improve their corrosion resistance in the 

external corrosive media.  

 

Fig. 9 Polarization curves of pure copper and chromium bronze samples after 

passivation treatments by different processes.(a) pure copper; (b) chromium bronze 

Chromate passivation is a relatively mature process, and its passivation 

mechanism can be described as follows. Firstly, the copper surface is oxidized to form 

CuO and Cu2O. The Cr3+ in the solution is then deposited as a Cr(OH)3 colloid on the 

surface of the substrate. Finally, the Cr(OH)3 colloid adsorbs a certain amount of Cr6+ 

ions from the solution to form a dense passivation layer. The trivalent chromium 



 

compound has properties such as high strength, insolubility in water, chemical 

inactiveness, and functions as a skeleton in the passivation film. Hexavalent 

chromium is easily soluble in water and is attached to the trivalent chromium 

compound. When the passivation film is slightly damaged, the hexavalent chromium 

compound is dissolved into water to form chromic acid in humid air and reacts with 

the copper.  

Chromium-free passivation uses the BTA instead of chromate ions to react with 

copper ions, and the resulting Cu-BTA becomes the main component of the 

passivation film. This is an environment-friendly process. Dugdale et al. 17 believed 

that a Cu-BTA surface complex was formed between BTA and Cu. They believed that 

this structure is formed after immersing the copper in a solution containing BTA, 

which produces soluble copper ions. These ions are then combined to form a Cu-BTA 

surface complex that prevents oxygen reduction (cathode reaction) and metal 

oxidation (anode reaction) 24. Wall et al. 25 showed that BTA forms an insoluble and 

invisible chelate on the Cu surface, which is responsible for reducing corrosion attack. 

Poling et al. 26 reported the linear polymerization Cu(I)BTA structure, which contains 

Cu+ ions. They reported that the growth of Cu(I)BTA film is controlled by the 

transport of Cu+ ions from the host copper metal through the surface film. Once the 

cuprous ions are transferred through the surface membrane, they will react with 

physically adsorbed BTA molecules and form insoluble polymer complexes. Roberts 

et al. 18 pointed out that CuO and Cu2O may form a multilayer passivation film.  

Based on the previous studies and the results obtained from this study, the 



 

formation mechanism of the passivation layer for Cu and Cu alloys is summarized in 

Fig. 10. The sample surface was smooth and clean after polishing and acid cleaning. 

After the pretreated samples were immersed into chromium-free passivation solution 

at appropriate temperatures and pH values, the Cu matrix was firstly dissolved and 

then oxidized into CuO or Cu2O due to the presence of H2O2 and H+, as shown in Figs. 

10 (a) and 10(b). Fig. 10(c) illustrates that BTA-TTA was then bonded with Cu atoms 

or Cu+, thus forming Cu-BTA-TTA and Cu(I)BTA-TTA polymers with their unique 

chemical bond structures. Finally, the passivation film is rearranged to achieve the 

optimal microstructure. On the other hand, the CuO and Cu2O particles are filled into 

the pores within the passivation film, as present in Fig. 10(d). As a result, a layer of 

dense composite film is eventually formed.  Fig. s3 (in the Supplementary Material) 

is an SEM image of the cross-section of pure copper and chrome bronze after the 

passivation treatment with the BTA-TTA compounds. It can be observed that after the 

passivation treatment, a passivation film about ~10 μm thick is formed on the surface 

of the substrate, as outlined by the yellow lines in Figs. s3(a) and s3(b). The passive 

film suppression mechanisms are summarized in the following formula. 

2Cu+H2O2⇌Cu2O+H2O                         (1) 

Cu2O+H2O2⇌2CuO+H2O                        (2) 

Cu
+
+BTA

-
-TTA⇌Cu(I)BTA-TTA                     (3) 



 

 

Fig. 10 Schematic diagram of the formation process of the passivation film in the 

BTA-TTA compound passivation process 

 

4. Conclusion 

(1) After pure copper and chromium bronze alloys are immersed in a solution of 

BTA-TTA, a clear and dense white passivation film is formed on the surface of the 

samples as an effective protective layer on the substrate. Phases of the passivation 

film on the surface of copper and its alloys include CuO, Cu2O, Cu-BTA-TTA and 

Cu(I)BTA-TTA polymer, and CuO and Cu2O particles fill the gaps of the passivation 

film to form a dense passivation film. 

 (2) The formation mechanisms of passivation films are mainly composed of the 

oxidation and dissolution of the matrix, the adsorption of BTA and its derivatives, the 

self-stabilization process of the adsorption film, and the filling of passivation film 

voids by the oxide particles. 
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