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The initial atmospheric corrosion process of copper (in 1 hour) was investigated by quartz crystal
microbalance (QCM)SEM, XRD and AFM techniques. As a kind of electrochemical noise, the QCM
data had been analyzed by Fast wavelet transform technique (FFT). The results showed that, both th
Q~t curves deduced from QCM data and XRD patterns confirmed the initial atmospbegsion
products of copper is GO, and which corrosion severity increased with both the concentration of
NaCl and corrosion time. A new parameter named electrochemical active eBgrgyag proposed

from the FFT analysis of QCM data, which is not omydirect proportion tdhe corrosion severity

(such aswveight los$, but can also be used to deduce the corrosion mechanism appropriately.
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1. INTRODUCTI ON

Copper and its alloys have been widely used as architectural materials due to their good
machinability and high atmospheric corrosion resistdfifehowever, they still suffer from serious
damage during their long time serving processes, especidiligliy aggressive environments (such
as maring2,3] and industrial environmenid]). Meanwhile, the heterogeneous structures among base
metal and different corrosion products (such as patina) can also accelerate the atmospheric corrosio
by producing bdt the microbatteries and the intercrystalline stresses.

Metal atmospheric corrosion process usually occurs in a layer of very thin elecfséjte
which thickness and composition simultaneously depend on the surrounding relative humidity (RH),


http://www.electrochemsci.org/
mailto:zhangzhao@zju.edu.cn

Int. J. Electrochem. SciMol. 12, 2017 359¢

the phystochemical properties of the corroding metals and the deposited contaminants (such as
hygroscopic salt), while the corrosion rate and the composition of corrosion products will be
influenced by the thin electrolyte. Aastrup and his coworkers found thescopgdamp was carpeted

with water and its atmospheric corrosion rate rise with increasing RH from 40% t¢780&td the
composition and structure of copper corrosion products are mainly related with the gaseous pollutants
dissolved into electrolyti8]. The similar discovery was also founded by Dante and K@]lwhile the

RH ranged from 15% to 95%. The chloride ion\Glhich is the main corrosive particles in marine
environment, possess a great influence in the atmospheric corrosion of [@opPeVith the increase

of CI' concentration (C>I& M), the corrosion potential of copper shifts negatively and the corrosion
current increases gradua|til].

The critical relative humidity (CRH) is a professional term, in a broad sense, it is defined as th
RH of the surrounding atmosphere (at a certain temperature) at which the salt begins to absorb
moisture from the atmosphere; but for metal atmospheric corrosion, the CRH is regarded as a
boundary while above which t lyand betow which the rate is at e
i nsigniycant f or [k When studyng the atnzosphepicucorqpsion racess with
salt particles deposited, the experimental RH value was usually chosen above the CRHA 2fld4lt
However, by using massam measurements to determine the mass loading, Chen and his coworkers
[15] pointed out that copper with NaCl particles deposited suffered from significant corrosion attack at
55% RH, which lay far below the deliquescence point of NaCl (75% at 25°C) hithedss of the
adsorbed water film is synergistically affected by both the hygroscopicity of salt particles and the
absorptivity of metal surface. Since a thin water layer of few molecules will be formed on metal
surface even at low RH value, which is agb for electrochemical reactidf], using the saalled
Acritical humi ditydo to judge the onset of at mo

Atmospheric corrosion is a wdthown electrochemical process in natu®5,16,17]
Therefore, Eectrochemical methods in coupled with IRAS (infrared reflexion absorption spectroscopy)
[18], SEM (scanning electron microscope), XRD-r@¢ diffraction) [6] and XPS (Xray photon
spectroscopy]19] techniques, have been widely adopted to study atmospberiosion process.
Unfortunately, the traditional transiestate techniques such as cyclic voltammetry and
chronoamperometry exert great disturbances to the investigated systems, thstequgstate
method, such as electrochemical impedance speopgs(EIS), needs an equivalent circuit mode
beforehand, whilst SEM, XRD and XPS techniques cannot be useddiu icorrosion determination
[20]. Moreover, all electrochemical techniques have to be performed in an electrochemical cell of two
or three eletrodes[21-23], which cannot represent the true atmospheric corrosion prode<des
especially at its initial stage. Some steathte methods such as electrochemical noise (EN) may be
appropriate, but a thin electrolyte layer system with two or thiestredes is precondition for many
researcher25-27].

In order to insitu investigate the atmospheric corrosion of copper in chlaodéaining
environment, especially at its initial stage continuously, the quartz crystal microbalance (QCM)
technique, Wwich is based on the piezoelectric effect of the quartz crystal and possesses high sensitivity
(better than 18 g), has been adopt¢2i8]. Compared with XPS, SEM and electrochemical techniques
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[6], QCM can insitu monitor the atmospheric corrosion pro¢cessl without the demands of two or
threeelectrode systems.

The data obtained by QCM technique is directly related with the mass variation of the
corroding metal, which is essentially a kind of electrochemical H@&&1]. Therefore, the aim of
this paper is to monitor the initial atmospheric corrosion process (in 1 hour) of copper by QCM
technique, and make attempts to analyze the obtained QCM data by using wavelet analysis method tc
extract the energy distribution plot (EDP, which is widely regarded @ he Af i nger pri nt
[32,33)) to characterize the corrosion process.

2. MATERIAL AND METHODS

The resonant frequency of quartz crystal was measured by9R€Ajuartz crystal analyzer
(SEIKO EG&G), which was interfaced with a computer.-&t quartz crystals of, = 9 MHz, which
were covered with high purity (>99.9%) gold (Au) or copper (Cu) film of 0.125§ @nanshihe
Electronics Co., Ltd., Chinayere used as the investigated substrates. Before tests, the surfaces of Au
and Cu quartz crydt were successively purged with deionised water, ultrasonically cleaned in
acetone for 3 min, and then rinsed with doutikilled water again and finally dried with nitrogen gas
(Ny). The corrosion solution of 6.47x2M NaCl was prepared by dissolvifgaCl into the mixed
solvent of ethanol and wateN i VethanoF1:9). All chemical reagents used in this paper were
analytical grade.

After the metal (Cu or Au) was distributed with a layer of quantitative NaCl solution by a
micro syringe, it was transfred into a lowpressure vessel (absolute pressure less than 0.01MPa) for
20 minutes to volatilize the mixed solvent. Then, a layer of NaCl particles was deposited on the metal
surface. The total weight of NaCl deposited on the metal surface was detkbyitiee volume of
NaCl solution, hereinafter, the parametgp&was used to represent the deposited NaCl weight per
uni t ar ea ( t3 dastly, rthe tquariz crys&lgwlas positioned horizontally in a closed
chamber (GFGDS50, China) with congth temperature and RH without disturbance, and connected
with QCM analyzer. The interval sample time of the QCM analyzer was 0.1 second.

After tests, the residual NaCl particles on metal surface were removed by rinsing the surface
with doubledistilled watr several times slightly. SEM (S8010, HITACHI) was adopted to

characterize the corroded morphol ogi es. The
topography information were obtained by AFM (MultimegleBruker Nano Inc) with a scan rate of
05 Hz and scan size of 100 & m. Lastly, the ide¢e

an X-ray polycrystalline diffractometer (Ultima IV, Rigaku) with 280° scanning range which data

were further analyzed using the Joint Committee on pod#&action Standards (JCPDS) database.
Weight loss method was used as the supplementary measurement for atmospheric corrosior

evaluation, by testing the accurate copper weight loss after 80 hours exposing to 25C, 70%RH with

different Guac, Which was otained by analytical balance (AL104 METTLER TOLEDO), and the

corrosion products at each{g were removed by rinsing in HCI solutio¥i{c):Viate=1:1) about 5 min

according to ISO 8407:2009.
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3. RESULTS AND DISCUSSION

For the rigid deposits, the changetbé crystal resonarit r e q u d,nncthe unit gf Hz) is
proportional t om, intheunitofng-si) v a rAisa tf imlessthdamne gprcent of
the crystal resonant fr equencfya,ndb((Bperbreg équation,i n g
eq. 1) carbe obtained34],

Af = —28m(f2)/ (n/1p) (1)

wherefy is the fundamental frequency of the crystalis order of the harmonic (for rigid
depositsn=1), ¢ and} are the shear modulus (2.94*416.-cm'.s?) and the density of quart2.648
g-cm’) respectively. In this papef, of the used Cu or Au crystals equal to 9 + 0.02 MHz, therefore,
eg.1 can be rewritten as,

Am(ng-cm™%) = —5.4774Af(Hz) (2

In the chamber of definite temperature and humidity, the total mass chgamgg ({uring
copper corrosion process includes both the reversible and irreversible adsorption of species from
surrounding$18]:

Am gy =4&my g0 T AM )

The reversible mass change I s may dué p the aus
synergetic hygroscopicity of salt particle and absorptivity of metal surface; whilst the irreversible mass
change is mainly depended on the oxygen adsorption and its reaction with copper, i.e., the corrosior
process oy BOplp erder t§ characterize the corrosion process caused by oxygen
( o) , Mua@@shouldb e  d i s ¢ o umyt Fodthe reasomthatpthe tendency for water to cluster
has been related to the similar heat values of its adsorption and vaporization on lawtth Gu[9],
the association of water molecules with the metal surface or with other water molecules is
energetically similar. As Au i smasihaeheved byltestingh e r t
the frequency change of Au quartz crystal at shene temperature, RH andfg. After subtract
PMyaterf ' O My, gN@@Rcan be obtained={gure 1)
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The deri vat i ogyisglucalatesin Rigure 1 which ugdoubtedly shows that, in
the case of 25°C and 70% RH, the mass change rate of Au initially increases with the corrosion time
(t) and then keeps almost horizontal to the time doatd axis after 2500 seconds, whilst the mass
change rate of Cu i s much grmegndeates that raone corrbsion o f
products are formed, which consequently demonstrates the increase of the corrosion severity.

In some liteatures[35,36], the CRH for NaCl deliquescence is 75% (25°C), however, an
obvious corrosion process occurred while RH lies below the deliquescence point of NaCl. In order to
ascertain this probl sgns.twih dfferent saltsdre tested itkigupe. o f
Figure 2 undoubtedly confirms that: (1) the electrochemical inert particles like &i@ ALO3; can
only absorb water molecules but initiate Cu corrosion; (2) the synergistic effect of 08 dRNacCl
particles in our experiment leads to the onset of Cu corrosion, which also verifies the results of
Stranberg and Johansson (their investigated RH is in the region from 30% t¢370%) fact, Chen
and his coworkers pointed out that copperhwitaCl deposited suffered from significant corrosion
attack even at 55% RHJ5], and other research groups also proved that plenty of water monolayer
would adsorbed onto copper and lead to its significant atmospheric corrosion at the RH[@f 40%

evenl1l5%]/[9]. On the other hand, Rice and his cowork88& pointed out thatthesbal | ed A cr
humi dityo is not existed or meaningless in ab
corrosion rate of copper in the entirely studied RH rangen(f80% to 80%). However, when compare

t h eny galues of curvea, b and e (Figure 2) at the same time, the-soal | ed Acri ti c

humi dityo should exist for the wemmethe CRHofaCl at r
deliguescence (75%).
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i n c mg-& spgisoltained by using the methetlicidatedn Figure 1 with both

t and Gaci (Figure 3), which can also be intuitively verified by the weight loss of the corroded Cu
(Tablel), indicate that the concentration augment of chloride accelerates the corrosion process.
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Figure 3. qameor~t curves at 25°C and 70% RH with differenig ( i n
30; c- 37.5; d- 45; e- 52.5; - 60.

Table 1. Weight loss of copper samples with different,&(25°C, 70%RH)

he

uha-t5mf g

Cracf € QT C Weight loss Average Corrosion rate obtained b
Nacf € O /mg-cm? weight | dB's /
15 0.16+0.04 2.03+£0.51
30 0.24+0.04 3.39+0.56
37.5 0.28+0.04 3.95+0.56
45 0.32+0.08 4.52+1.10
52.5 0.36+0.08 5.08+1.11
60 0.49+0.08 6.78+1.12
Py
2q(degreé
Figure 4. XRD spectra of the copper surface at eaghc@ i Nt h e uhafter lhacérrosiog L ¢ m

(25°C, 70% RH). al15; b- 30; c- 37.5; d- 45; e- 52.5; f- 60.
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According to the previous repor{d,6,39] in the presence of chloedions, the main
atmospheric corrosion product (composition) of Cu during initial stages,9.Qunen, the corroded
copper surfaces of differenige,, after atmospheric corrosion for 1h, are tested using XR@uie4)
after removing their residual NaCl particles (by simply rinsing the surface with ddistileed water
several times slightly). As shown Higure 4, the evident peaks at 43.3°, 50.5° and 74.2° refer to
copper substrate, while the peaks at 36.7° and 61.8° are attribute to (1,1,1) and (2,2,0) diagnostic
reflexions of CyO respectively, and no chloride containing compounds can be detected in all cases.

In order to confirm the atmospheric corrosion product ofi€CyO during initial stage, the
PMeon~t curves are transferred into the relationship of electric quantity versus @nte (Figure 9
based on the hypotheses that the parameters used in Faraday equation (eq. 4) are only related to t
formation of CuyO [6].

Q =T pF (4)

In eq. 4,nis the number of the electrons consumed in the electrochemical prosgéder(the
formation of CyO), F is the Faraday constant aktiis the molar mass of the react{)].
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Figure 5. Q~tcurves at 25°C and 70% RH with differené.6( i n t he u’ha-15;bed0;ce gL ¢
- 37.5; d- 45; e- 52.5; f- 60.

Figure 5is the same agigure 3 except their different vertical coordinate, which also
undoubtedly indicates that, in our experimer@ahditions, the main corrosion product of Cu in its
initial atmospheric corrosion stagest(1h) is CyO. This result also supported by the results obtained
by other author$1,6,39] T h e n o Midneasesquvith the concentration augment of chlonde
Figure3?

For the initial atmospheric corrosion of copper, which cathodic reaction with or without the
existence of other aggressive particles (such as chlorides and sulfides) is always agg@lidws

%DE—FH:D—I—EE'J{—L}EDH' (5)

In theabsence of any other aggressive particles excgptand Q, the anodic reaction of Cu
atmospheric corrosion process can be presentgd hs

Cu(s]?:‘*(m+ +e” (6)
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where, k; and k, stand for the apparent rate constant of cath@hd anodic reactions,
respectively. Then, the generated @HJCU' interreact to form CiD,

Cu* + 20H™ = Cu,0 + H,0 (7)

The corrosion rate of Cu without chloride is very low, which can be proved by the relationship
o f myouersust (curve a in Figre 2), and can be attributed to the slow formation rat€uffor that
reaction 6 acts as the radetermining step and progresses very slqwAy}.

In the presence of NaCl patrticles, the anodic reaction mechanism will be chaogediays,
two possible anodic reaction mechanisms (Case 1 and Case 2) for copper atmospheric corrosion hav
been proposef0,11,42,43]

Case 1:

Cu+2CI %2%?/2 CucC) +e (8)

ry = ks[CIP ©)

Case 2:

Cu+cr%z§g% CuCl+é (10)
Ty = ky[CI7] (11)
CuCHCl ¥4, Cugl (12)

. = k[Cl7][CucCl] (13)

Then, the generated cuprous chloii€l; (in Case 1 or Case 2) reacts with ‘Qbl form
Cw0,
1
2

T, = kE_[CuCi;][DH_] (15)

where k; is rate constant anglis reaction rate. Therefore, the presence offONaCl particles
accelerateshe formation ofCu’, which is the rateletermining step for copper corrosifi2]. On the
other hand, reactions-B also indicate that the corrosion product during the initial atmospheric
corrosion process of copper is LLuregardless of the possibly limlved anodic reaction mechanisms
(Case 1 or Case 2).

The formation rates of GO for Case 1 and 2 can be calculated as follows,

CuC] +OH %% = Cy 0% H 0+2Cl (14)

Tease 1 = ke[CuClz][0H™] = k- 7+ [CUTP[0HT] (16)
Tease 2 = ke[CuCl31[0H™] = k- =+ [CuCl[CN[0RT] = kg -7 2= [CUTP[ORT] (17)

From egns. 147, it can be seen that the corrosion product duringrtiti@l atmospheric
corrosion process of copper is 0y which formation rate is directly proportional [617% also
regardless of the possibly followed anodic reaction mechanism (Case 1 or Case 2),

Teorr = Keopy * [CI7]? (18)

where k... = k¢ :—5 [0H™]for Case 1 and.,,, = kg -~ [0H ] for Case 2. Here,

—-B -3 k—S-

it should be mentioned that, the relationship between the corrosion rate of Cu in bulk solutions and [CI
] is similar to equation (18) me[dgept that the
TCD?"?" = kcr.:-rr ’ [C]'_]m (19)
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where,m possesses different value in different conditions. However, the QCM datag8igr
Figure 5) give no information about what corrosion mechanism (Case 1 or Case 2) is followed by the
atmospheric corrosion procesiscopper at different [Al

The atmospheric corrosion process is simultaneously coupled with the break of old chemical
bonds and the generation of new chemical bonds, which undoubtedly results in the energy exchange
between the corroding metal andstxving environment. Among these exchanged energies, the work
obtained by the corroding metal is presented as its mass variation (or as the potential, current or charg
fluctuations in the traditional electrochemical tg®4,26,30,45,46]which is in fat another kind of
noi ses. T h et tuoveseshowrt itiFigure @ are analyzed by Fast wavelet technique
(FWT) [47], which theoretical algorithm is depicted in detailigure6.

Step 1 Step 2 Step/
S, < IS PR . < B
. N ., o
\\\ . \\\\Fiil
VAN R e 2 A N
D, D, D )

Figure 6. Theoretical algorithm scheme of the fast wavelet transform

Briefly, the real time signal se®&( t ) ( N)Hsldec8mpésed into two sets of coefficients: a
smooth coefficient se§=(S, S, &), which contains the information about the general trend of the
signal; a detail coefficient seD=(D,, Dy, ®;), which contain the information about the local
fluctuations in the signg¥8]. In FWT analyzesP;, D,é D; and S; are designated as the-called
Acryst alSf)aan belrbconstructed by adding together the contributing wavelets weighed by
their corresponding coefficienf49]:

S.(t) =X, 5P (1) +Z, D@y () + Z, Dr 1 p®r-1x (t) + -+ X Dyy®1(E) (20)

S = /50 ¢r . (D)dt (21)

Dy = J S(8) g} (D)t (22)

where ¢;, and ¢;, are the complex conjugate of the basis functigng and ¢;, ,
respectivelyJ is small natural number dependedtori andN, (N is the number of specimenk1,
2¢éJ k=1, N¢ Andg,, andg;, are generated from a pair of functions through scaling and

translation as follows:

5 _ . )
¢1:(8) =272 9(27Tt — k) = 2772 ( ) (23)
0, () =272t — k) = z-ifﬂ@(*‘;"j (24)

where2 acts as the scale factor ané @s the translation parameter. The wavelet coefficient
measures the correlation or the agreement between the wavelet (with its peaks and troughs) and th
corresponding segment of the signal, and a low vallemftespods to a small and fast scale.



Int. J. Electrochem. SciMol. 12, 2017 360¢

Here, the orthogonal db4 Mallat wave[88,50] (J=8) is chosen for the FWT analysis of the
data shown irfrigure3.
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Therefore, the ensemble noise energy for Cu corrosion at each g is calculated as

following:
(25)

where based on t&eprcopstanonadmet(o t)hawd s qu
represents the energy density of noise.

And the energy fraction associated with each crystal can be calculated as:

(26)
(27)

where stands for noise energy Df crystal and for § crystal. Since the chosen wavelets

are orthogonal, the following equation is satis{igd,51}



