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In this investigation, electroless plating techniquese utilized to form NP/naneTiO, composite
coatings on a #30 brass alloy substrate by adding ndi@, to the NiP plating solution in
concentrations of 1 g/L, 5 g/L, 10 g/L and 15 g/L. The electrochemical corrosion resistance behavior of
these compsite coatings and their susceptibility to stress corrosion cracking (SCC), which were
related to their surface morphology and microstructure were studied by comparing them with those of
an NiP coating.Experimental resultsevealedthat the electroless NP plating coating increased the
hardness and the resistance to corrosion and SCC of the brass alloy in 0.1 M NaF solution. When nanc
TiO, particles were added, this beneficial effect increased significantly with their concentration up to
15 g/L. The impoved SCC resistance was attributed to the electroleg¥/rmdneTiO, composite
coatings, which prevented the formation of an unstabk®©Cassive film on brass alloy in fluoride
solution. This unstable passive film was destroyed by tensile strain attddk during tensile testing

with slow strain in fluoride solution, resulting in dezincification dissolution and intergranular stress
corrosion cracking (IGSCC) of the brass alloy.

Keywords: TiO;; SCC;ElectrochemicalCorrosion; IGSCC

1. INTRODUCTION

Whether a brass alloy exhibits good or poor cold working behaviour depend on the amount of
Zn that it contains. Typically, brass alloys with a low Zn content have good or excellent cold working
characteristics, while those with a high Zn content haag pold working characteristics. Brass alloys
are most frequently used to fabricate condenser and heat exchanger tubes with integral fins on whict
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the external and/or external surfaces have had theserwice efficiency enhanced by cold work
finishing. Generally, cold working operations cause internal stresses, which can result in stress
corrosion cracking (SCC). Ammonia and ammonium compound [1,2], nitrite [3,4], chloride [5] and
fluoride[69] i ons ar e st r onbyassdrrservice émeémmentsof SCC i n U

In the last decade, the SCC of brass alloys has been prevented in two ways. The first is by
using an alloy with high resistance to this phenomenon (an alloy with a low Zn content) and the other
IS by reducing residual stresses by annealing. i treatment, which is commonly carried out at
approxi mately 250¢C, is also performed to min
This |l ow temperature heat-re¢lrieaft mamnealsi md 8,0 &n
themechanicaproperties of the material.

Shihet al. [8,9 recently performed a studyp evaluatethe effect of such inhibitors as 1,23
benzotriazole (BTA) and 1,2#iazole in suppressing the SCC of30 brass in chloride and fluoride
environmentsTheir studyincluded amanalysis of the fracture surfaces of thsted specimens using
SEM techniques and thaotting of electrochemical polarization curves NaCl and NaFsolutiors,
with and without inhibitingtriazole derivatives. Their results revealed dh the studied corrosion
inhibitors reduced theusceptibilityof the brassalloy to stresscorrosioncrackng, particularly in the
early stage of cracgropagationThe effects of pH and such electrochemical parameters as pitting and
protection potentiabn the SCC of brass in fluoride solutions have been elucidated [6].

Most components are well known to fail because of surface defects that are caused by wear,
corrosion, fatigue ofracture, for example [10]. The surfaces of components are coated to enprov
their surface properties. Braaloys, aluminum alloys, magnesium alloysteels and otharonmetals
are suited to electrolessckel (EN) plating. Such coatings improve the hardness, wear, abrasion
resistance, and corrosioresistance of these matesal1l1-15]. In the chemical, mechanical,
automobile and electroniendustries in particular,electroless NP coating has been utilized
extensively for coating allogomponents to improve their inherent characteriségs.interesting
feature ofelectrolesNi-P coatingghat are deposited on aluminwsubstrates is that the P content of
the deposit may make the residual stresses compre&s§jy@jproving the fatigue performance thfe
coated system. Parkand Shah 16] found thatin asdepositedelectroless Nii P-coatedaluminum
substrates, the residustresses in the deposit fall linearly as the P cordétihe coating increases
from approximately 10 MPa for coatingsth 2 wt% P to approximately60 MPa for coatings with
approximately 12 wt% PAdditionally, an electroless NP coating can be doped with various
particulates to fabricate novel multifunctional composite materials. For example, the introduction of
hard particles, such as nam, into an electroless N? alloy coating has been found toprave its
mechanical and physical properties {19]. However, the literature has not discussed the electroless
nickel (EN) platingof brass alloys to inhibit corrosion and SCC susceptibility in fluoride environments.

The goal of this study is to examittee effects of the addition of T§On the electroless N¥
coating on the electrochemical and SCC behavior €8(0rbrass alloy substrate in 0.1 M NaF solutions
by performing slow strain rate tensile (SSRT) tests. Electroled¥mdineTiO, composite coatgs
were carried out on the brass by adding various concentrations eff if@sparticles (with an average
diameter of approximately 15 nm) to the-Riplating solution. The coating was compared with the Ni
P coating without added nanoparticles. A meti®dntroduced for evaluating the ability of these
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coatings to protect the brass alloy based on the results of the electrochemical and SCC tests. Th
structure of the coatings is analyzed to elucidate the mechanism and to identify the composite coating
with the optimal nand’iO, content.

2. EXPERIMENTAL

The material that was utilized in this study was3D0brass UNS C26000, which has the
chemical composition (wt.%p8.5~69.0% Cu, PbO 0. 0 3 %, Fe O 0. 03%,
El ectrochemical measurements were made of a r.
Cylindrical SCC specimens were machined to 54.0 mm long and 4.82 mm in diameter, they were
threaded on both ends to fa@lé attachment to the pulling device. The gauge section was 3.22 mm in
diameter and 15.0 mm long, and was fabricated according to ASTMB&{Z0]. Samples were then
ground using 400, 600, 800 and 1200 grit silicon carbide (SiC) abrasive paper and poksiied g 1 C
and 0.3s m .@slpowder pastes to prevent any possible notch effects. The pretreatment procedure
involved ultransonic cleaning in acetone for 5 min, washing in a 50 g/L NaOH solution for 3 min and
etching using a 300 g/L HNGsolution for 1 min at room temperatufe~ 25 e C) . Bet wee
specimen was rinsed by immersion in distilled water at room temperature for 2 min. All specimens
were then immersed inthedRi pl ati ng sol ut i ePelearblessSpitindsoldtione C .
comprised 35 g/L NiS@ 6,8, 50 g/L NaCgHsO/L 2,8, 20 g/L NaHPO.L D, 5 g/L
CHsC OON a 0348 g/L NHCI and an additive at pH 4.6. Titanium dioxide (ZiManopartcles
with an average diameter of 15 nm were added to the plating solution at concentrations of 1, 5, 10 anc
15 g/L for codeposition to form the composite coatings. During electroless deposition for 60 min, to
minimize the agglomeration of TiOthe plating solution was ultrasonically dispersed for 15 min, and
magnetically stirred at a constant speed of 100 rpm. The mrcrdss of the coating was measured
using a Vickers microhardness tester (MHT 2) at a load of 100 g forbfaces andcrosssections
of the coatings werstudied byscanning electron microscopy (SENEOL JSM6360 and Xray
energy dispersive spectrotne(EDS, INCA Energy 658Y.

Electrochemical polarization tests were performed on the electroless composite coatings on 70
30 brass substrate in 0.1 M NaF solution usingotentionstat/galvanostéiodel 273A, EG & G
Instruments, USA) with a threslectode cell with an exposed area of 1°c#ill potentials referred to
a saturated calomel electrode (S.C.E.). A platinum wire was used as the counter electrode. The
potentiodynamic polarization curves were scanned from 0gs below OCP to a final potentiaif
1.2 Vscg at a sweeping rate of 1n®7. A Tafektype fitting of the data was performed using-E&b
sofware to estimate the corrosion ratg.{iand the polarization resistancey\RThe five tests were
carried out for each coated sample to evaluaproducibility.

Slow strain rate tensile (SSRT) tests were performed under thecopeit condition in 0.1 M
NaF solution. SSRT tests are regarded as advanced SCC tests because they yield certain results in
period that is much shorter than that reggh to perforn the conventional constaleformation or
constardload SCC tests [21]. The use of SSRT tests in evaluating the SCC susceptibility of brass
alloys in a wide range of environments is widely acknowledged to be effectBje If6this study, te
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test specimen was passed through silicon rubber stoppers that were fitted at each end of a cylindrica
glass test cell (with a volume of 200 mL) containing the test solution. The load and elongation were
measured continuously using a load cell and etadtdial gauge, respectively, whose outputs were
recorded on a computer using control software until fracture occiBradford et al.[22,23] found

that in various SCéanducing environments, cracking occurs in copper alloys only below a particular
stmin rate (1ds) and, therefore, 7 aassdedta ihespecimeneereinfthis?2 .
study. Following SSRT testing, the fracture surfaces and fracture modes of SCC were analyzed by
SEM.

3. RESULTS AND DISCUSSION

3.1.Characterization otoatings

Figure 1 presents SEM images of the surface morphology and elemental composition of the
electroless NP coating. Figure 1a reveals that the surface morphology of tRecNating is a smooth
and the structure is dense with very small spheriodutar particles. Although the 73D brass is less
noble than the NP coating, the smooth coating suggests the better protectiveness ofRlmating.
EDS analysis of the coating surface yields strong Ni and P signals (Fig. 1b). The P content in the
elemental analysis is as high as 20.03 wt.%, and th® Moating is probably amorphous [24].
Generally, amorphous alloys have higher corrosion resistance than equivalent polycrystalline materials
because they have no grains and grain boundaries [25].

Element Weight% Atomic%
PK 20.03 32.20
Ni K 7997 67.80

100.00

(3, 0808 Sam

[Full Scale 391 ots Cussor: 0.2012 ke V (0 ots)
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Figure 1. (a) SEM surface morphology and (b) EDS elemental analysis of electroi€ssddting.
Figure 2 presents SEM images of the surface morphology of HRndneTiO, composite

coatings formed by adding %, 10 and 15 g/L Ti@nanoparticles to the N? plating solution. The Ni
P/naneTiO, composite coating formed by the addition of 1LgTriO, nanoparticles showed no
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nodular particles and a finer and more continuous structure than that of-thedsiting(Fig. 2a).

When the concentration of Tianoparticles was increased to 5 and 10 g/L, the formde{ridine

TiO, composite coatings were more continuous, smoother and denser, and more small, white spherica
particles were codeposited, while the distribatremained uniformly (Figs. 2b, 2c). However, when

the concentration of TiPnanoparticles was further increased to 15 g/L, the aggregation of the white,
small spherical particles increased, and the formed composite coating became rough with exhibiting

mary small cracks indicated by arrows (Fig. 2d).

=P . crack

C D

Figure 2. SEM surface morphology of electroless®haneTiO, composite coatings: (a)-R/1 g/L
TiO>, (b) N-P/5 g/L TiQ, (c) N-P/10 g/L TiG and (d) NP/15 g/L TiQ.

Figure 3a presents an SEM image of the surface morphology of-BieadeTiO, composite
coating that was formed at a Hi@oncentration of 10 g/LO and Ti were uniformly distributed
throughout the surface, although agglomeration was observed in some places (Figs. 3b and 3c).
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Figure 3. (a) SEM surface morphology, (b) O mapping, and (c) Ti mapping of electidid?4.0 g/L
TiO, composite coating.

Figure 4 presents the variation in the composition of the composite coatings. The amounts of O
and Ti elements inthe composite coatings increase with the concentration x0Tike plating
solution, providing evidencef an increase in the incorporation of nan@, particles in the coating
(Figs. 4a and 4b). Figures 4c and 4d reveal that the sqt@sd nandiO, particles in the NP
matrix influenced the cdeposition phosphorus, reducing the phosphorus cont@® @3 wt.% in the
Ni-P coating to 8.35 wt.% in the M/naneTiO, composite coating, which was formed when 15 g/L
TiO, was added to the plating solution. This result is close to thdbwékovicet al.[17], who found
that the incorporation of nanometgzed TiG, particles affected the phosphorus content. A slight
decrease in phosphorus content has been observed when thEi@amparticles were incorporated
into an NiP matrix with a high phosphorus content [17]. The egestions of the coatings revehht
no interfacial void or defect is present between the coatings and tB@ Gfass substrate (Fig. 5).
Additionally, the thickness of the nanocomposite coatings that is determined from thesentsss
substantially exceeds that of the-Rlicoatirg, and increases with the added F@ncentation in the
plating solution (Fig. 6). When the Ti@oncentration is increased to 15 g/L, the average thickness of
the NitP/naneTiOocomposi t e coating is approxi mat emesy 7.
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Figure 4. Elemental contents of electrolessRIiTiO, composite coatings as function of concentration
of added TiQin plating solution: (a) O (b) Ti (c) P (d) Ni.
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Figure 5. SEM crosssectional images and EDS elemental analysis of (a) electrold3sdating, (b)
electroless NP/1 g/L TiG, composite coating and (c) electrolessMi0 g/L TiQ composite
coating.

7.82

Coating thicknes (pm)

0 1 5 10 15
Particle concentration (g/L)

Figure 6. Average thickness of electroless-RITiO, composite coatings as function of concentration
of added TiQin plating solution.

Similar results have been obtained from electroles®/NaneSiO, composite coatings, and
these can be explained by the fact that both, @ SiQ nanoparticles, Wich have large surface
areas, high surface energies and activities can be easily adsorbed on initially reduced Ni particles anc
co-deposited on the substrate to increase the substrate activity, and thereby increasing the depositio
rate [26]. Figure 7 psents the microhardness of the 3 brass substrate, electrolessAMNand N
P/naneTiO, coatings.
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Figure 7. Microhardness of 730 brass substrate and electroles$NiiO, composite coating.

Generally, electroless M@ and NiP/naneTiO, coatings that are plated on -30 brass
substrate increase its microhardness. An electroled?® dbating with a phosphorus content that
exceeds 8 wt.% has a high hardness because it is amorphous [25].-PheamadTiO, composite
coatings in this studyad a higher microhardness than thePN¢oating. indicating that natlaO,
particles that were codeposited in the composite coatings acted as barriers that retarded the plasti
deformation of the NP matrix and thereby increased the microhardness. -Ngdparticles as a
second phase can reinforce theMNmatrix and impede the rapid propagation of dislocations in a
ductile N+P matrix. This result is consistent with the finding that many hard-part@les reinforce
an electroless NP matrix coatingystem [1719,2730]. Figures 6 and 7 show a good correspondence
to each other. Thushe increase in the hardness with the ;léOntent in the coating solution may not
be the property of the coating but the increase in thickness leads to a decreaseflunetice of the
softness of the substrate.

3.2. Electrochemical polarizaticesting

Figure 8 presents the potentiodynamic polarization curves of t#8) t¥ass substrate, and
electroless NP and NiP/TiO, coatings in 0.1 M NaF solutiomhe electrolss NiP andNi-P/TiO;,
coatings had a more positive corrosion potential and lower anodic corrosion current density than the
70-30 brassubstrate. Electroless #®/TiO, coatings have a more noble character than the electroless
Ni-P coating, consistent wittheir denser and finer structure than that of thd®>Nioating. The high
corrosion resistance of the electrolessPNtoating in this study was a result of its amorphous structure
and nickel was preferentially dissolved at open circuit potential, incgesnamount of phosphorus
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in the surface layer [24,31,32]. The surface that was enriched with phosphorus reacted with water to
form a layer of adsorbed hypophosphite anionsP®f). This layer in turn blocked the supply of
water to the surface of the eteode [33]. In the NP/naneTiO, composite coating, the Ti(articles

formed a barrier by filling up the very small pores in the metal matrix, making the film more compact
and minimizing the solutiometal interaction, potentially improving the corrosicesistance of the
composite coating remarkably above that of a pure alloy coating. Although the corrosion resistance of
the NiP/naneTiO, composite coating increased with the concentration of -T&e particles that

were added to the plating solutioimcreasing that concentration to 15 g/L reduced the corrosion
potential of the NiP/naneTiO, coating and increased corrosion current density. This effect may be
explained by worsening of the coating structure by cracking (Fig. 2d).

- brass

N -2 Ni-P
= 3 Ni-P+Ti02 - 1g/L
QO 191 |— 2 —- NiP+TiO2-5gL
N .5 __ Ni-P+TiO2-10g/L
2] WO, X— Ni-P+TiO2- 15g/L
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Figure 8. Potentiodynamic polarization curves of-30 brass substrate, electrolessANcoating and
electroless NP/TiO, composite coatings in 0.1 M NaF solution.

Figure 8 also reveals that the anodic polarization curve of t#89 t0ass substrate exhiwuk a
weak passive characteristic. Although a passive film was formed, this passive film had a significant
negative passive potential and low passive current density, implying that the passive film was unstable
and easily broken, resulting in rapid anodicdlized dissolution. This passive film is Oy as
revealed by XRD [34], and the €@ could be shown according to the potenpil diagram for
CuHO at 2 5 Theotetic@lly & prass alloy in fluoride solution is attacked hyc&using a
corrosionreaction of copper, which proceeds by the direct oxidation and complexing of copper by the
fluoride ions
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Cu+2FY CyFe (1)
(2) The CuO surfaceifm is then formed by hydrolysis of the CiIEomplex:

2Cuk +H,O Y ,@ud4F+2H (2)
(3) Zinc is then dissolved following dezinfication from brass:

Zn Y*+2e (3)

Since the XRD pattern included no signal from the fluoride compound of zinc [34], fluoride
ions are assumed to attack the brass through td@rform soluble complexes [7]. Accordingly, thé F
ions can destroy the passive film Quand act as a catalyst that accelerates the preferential dissolution
of zinc, producing a dalloyed layer on the brass. These reactions can be described as follows.

Zn+2FY ZntRe (4)
ZnRY Zn2F (5)

Although at ahigh TiO, concentration of 15 g/L, the NR/naneTiO, composite coating
exhibits a slightly reduced corrosion resistance, it remains greater than that ofRhmating.These
results revealthe electroless NP/naneTiO, composite coating that was foech at a TiQ
concentration of 10 g/lis the most effective for protecting -BD brass against corrosion in fluoride
solution, as is consistent with its dense and fine microstructure (Fig. 2c) and high phosphorus content
of approximately 9.51 wt.%-1abazakiet al.[36] found that amorphous M alloys with a phosphorus
content of approximately 25 at.% had high corrosion resistance because they formed compact Ni3F
films. In this study, the NP coating had a phosphorus content of approximately 32 at.% ahd-the
P/naneTiO, composite coating that was formed at a J@dncentration of 10 g/L had ghosphorus
content of approximately 16 at.%. These values sufficed for the initial preferential dissolution of nickel
and the enrichment of the coating surface wittogphorus, which acted as a barrier to further
dissolution.A comparison of the corrosion resistance of electrolesB Noating with that of Ni
P/naneTiO, composite coatings revealed that the latter offered greater protection against corrosion.
This reslt is reasonable, because even though the coatings have the same apparent area, the effecti
metallic area that is prone to corrosion is substantially lower in the case of the electroless composite
coating. Additionally, nand@iO, many micraecells form failitating anodic polarization and thereby
inhibiting localized corrosion, such that mostly homogeneous corrosion occurs [37].

3.3. Slow strain rate tensile testing

Figure 9 plots the strestrain curves for 430 brass substrate, and for electrolesB &hd Nk
P/TiO, coatings following SSRT testing in 0.1 M NaF solution under the open circuit potential (OCP)
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condition at a §s¢'rThdcaorves aetsinilaptd the2conedtiorially $h@ped curves
that are obtained for other alloys, anéyttare characterized by an increase of strain with stress up to
the yield stress before slightly increasing untill it reaches a maximum, beyond which the strain begins
to fall to the point of failure. Electroless 4Ri and NiP/ naneTiO, composite coatingeave a higher
strain at failureThe SSRT was algeerformedin air to provide a standard of comparison, because the
strain rate has no appreciable effect on tensile stress or ductility in aiF[@@les 10a and 10b plot
the ultimate tensile strengthU(T S ) and f r a cespeatively, that arabitaimed rdun) the
stressstrain curves of the specimens under OCP condition. The electrol&samdi NiP/naneTiO,
coatingsclearlyh ave a higher UTS and U t haectondfthe ®BOb st r
brassagainst SCQn fluoride solution. The ability of electroless-RinaneTiO, composite coatingp
protect against SCE superior to that of the NN coat i ng, and is maxi mal
the concentration oddded nandiO, is 10 g/L. When the added naifi@O, concentration is increased
over 10 g/L to 15 g/L, the UTS and U of the fo
When the physically coated layer is present, the elongation in SSRT experiment will continue
until thebreakdown of the surface coating layer under the open circuit condition. Once the breakdown
of the surface coating layer occurs stress assisted corrosion of the substrate metal occurs. Thus, tf
fracture strength of the specimens with the coated layelsnger than that of the 780 alloy.
However, the fracture strength of the coated specimens did not show regular change because the SC
fracture strength is affected by the situation of breakdown of the surface coating layer. At least one can
say that beasse of higher cathodic activity of the coated layer once the substrate alloy is exposed to
the solution the corrosion of the substrate alloy is accelerated by the presence of the cathodically active
coated layer. The fracture surface Wi affected by th presence of precipitated Tiarticles.

25
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N —#—Ni-P
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—o—: Ni-P+15g/L TiO,
0 | |
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Figure 9. Stressstrain curves of70-30 brass substrate, electrolessANcoating and electroless -Ni
P/TiO, composite coating®llowing SSRT testing in 0.1 M NaF solution.
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Figure 10.Var i at i ons i n;of(tte)703WbFaSs sabstrdte, eléciroleddMNioating and
electroless NP/TiO, composite coatings followin§SRT testing in 0.1 M NaF solution.

Figures 11 & present the SEM fractographs of the fractured surfatabe 7030 brass
substrates in air and in fluoride solution and of the coatings in fluoride solution. Figure 11a clearly
reveals that the brass substrate sample in air has a dimpled fracture surface that is characteristic c
completely ductile failure. Aie brass substrate in fluoride solution exhibits a cleavage fracture surface
and intergranular crackingith characteristicef intergranular stress corrosion cracking (IGSCC) (Fig.
11b), The small strain at fracture verifies that the fracture is in avedia brittle mode. SCC
propagates mostly by acthmath intergranular cracking. The cracks advance by preferential
dissolution with the formation of active paths and stress concentrations at the tips of the cracks. The
stressat the crack tipspens uphe cracks and ruptures the unstable passive film, exposing fresh metal
to the corrosive environment and accelerating dissolution as dislocations move out of the surface
during slip steps [1]. A comaprisari this phenomenowith above resultsoncerning te corrosion of
brass bydezincification reveals that the IGSCC failure of3M brass in fluoride solution may be
attributed to film rupture [1,38]. Pickering and Byrne [39] showed that the preferential dissolution of
Zn occurred more readily from stresdmdss than from brass without streéSEC process involves the
preferential dissolution of zinc, which is promoted at the crack fipgrefore, the inhibition of
denzincification is supposed to inhibit the SCC process. The electroleBsahil NiP/naneTiO,
composite coating provides strong protectagainst corrosionvithout the formation of an unstable
oxide film or localized denzicification, reducing the cleavage IGSCC. The fracture surfaces of such
coatings become gradually rougher and are dudctitgs( 11eg). In particular the fracture mode of the
electroless NP/naneTiO, composite coating at a TiOconcentration of 10 g/L exhibits the
completely ductile characteristic of dimpled fracture (Fig. 11f) consistent witiaitthg the greatest
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corrgsion resistance as well as a dense and fine coating structure that incorporates {fhi®©snano
particles.
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F G
Figure 11 SEM fracbgraphs of fractured surfaces of (a}y3Wbrass substrate following SSRT testing
in air, and of 76B0 brass substrate, electroless-Nicoating and electroless -RiTiO;,
composite coatings followin§SRT testing in 0.1 M NaF solutip(b) 7030 brass sulbsate (c)
Ni-P, (d) NP/1 g/L TiQ, (e) NiP/5g/L TiO, (f) Ni-P/10g/L TiG and (g) NiP/15¢g/L TiQ.

4. CONCLUSIONS

(1) 7030 Brass exhibited serious localized corrosion by dezincification and susceptibility to
SCC in fluoride solution because of its wegessive behavior, which produced an unstabkOdim,
which was easily formed and broken down.

(2) A novel electroless NP coating with a high P content of approximately 20 wt.% and
electroless NP/naneTiO, composite coatings with high P contents @wer 8.35wt.%.) were
uniformly deposited on 7380 brass substrate.

(3) The amount of incorporated namD; increased with the concentration of nan®; in the
plating solution. The incorporation of nafi@, strengthened the MR coating, and hardendte
formed NiP/nanaeTiO, composite coating to an extent that with the amount ofT&gincorporated.

(4) The electroless NP/naneTiO, composite coating had a finer and denser coating structure
than the NiP coating in fluoride solution, and the faethNiP/nane TiO, composite coating retained
a high phosphate content, which was responsible for their better electrochemical behavior and SCC
susceptibility resistance. A nafiaO, concentration of 10 g/L yielded the composite coating with the
highest corosion resistance and highest resistance to SCC. However, increasing th&idwmno
concentration to 15 g/L reduced the corrosion resistance and SCC resistance by causing extensiv
aggregation and localized cracks.

(5) The electroless N?/naneTiO, composite coating favored anodic polarization and
changed the localized actipassive transition to uniform corrosion behavior, owing to its high P
content and incorporated nam@O.. It therefore reduced susceptibility to SCC in flouride solution.



