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TiO, conversion films were prepared sarfaces undergoing thet-dip galvanizing (HDG)process
using titaniumsulphate (Ti(SOy),) as the titanium source and hydrogen peroxideO¢H as the
chelating gentby a one-stepimpregnation methadlhe effect of passivation time on the morphology
and corrosion resistance of the film was investigated. rékelts show that a large amount of TiO
nanospheres appear on the HDG surface after a short immémse@my increasing the immersion
time, the nanospheres are gradually covered by the ZnO/Zp(@HYersion film and some cracks
appear on the conversion film. The electrochemical results reveal that the integralomi@rsion

film shows better corrosion riegance and the cracks cause the pittiofthe corrosion resistancd.o
improve its corrosion resistance, the Ti©onversion film was modified by silane to realize
hydrophobic sealing, which results in obvious changes in the morphology and corrostances
After modification, the gel layer covered the Fi€onversion film, which would fill the cracks and
make the film hydrophobic. Thus, the corrosion resistance of the modified conversion film increased.
The bettethe hydrophobicity of the films, the better the corrosion resistance of the film is for a short
immersiontime. In addition, the corrosion resistance of the hydrophobic film is mainly determined by
the bottom TiQ conversion film.
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1. INTRODUCTION

The lot-dip galvanizing (HDG)processs an effective technology that can protect steel from
corrosion and increase the service life of steel. However, it is easgef6liDG processto produce
white rust at ambient calitions orduring thetransporation process, which affegits appearance and
life[1]. Hexavalent chromium passivation is the easiest and most economical way to in@ove
corrosion resistance of HDG coatings, but it has been banned because it is toxic aed thellut
environment. Chromiunfree passivation technology i aalternative methodhat has receivel
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increasingattentionf2]. Chromiumfree passivation is mainly classified into inorganic salt passivation,
organic passivation, and organiiciorganic hybrid passivationnorganic salt passivation mainly
includes silicatg8], molybdat@4], and rare earth sglb]. Organic passivation mainlgonsists of
phytic acid6], acrylic resifi7], and silang3].

Titanium (Ti) is very similain natureto chromium and is stable ithe natural environment
resulting from the robust Tidormed ontheTi surface. The Ti(OHJTIO, film, as an environmentally
friendly type of chromiurfree conversion filmis formed on the HDG surface, which could
effectively improve the corrosion resistance of the matrix. Many researchers have studied the
formation mechanism of titanium conversion fiion stegl], coppefl0], and magnesium allojisl].

They found that TiO2 conversion fikrcould effectivédy improve the corrosion resistance of these
alloys. However, as far as we know, few wetkavefocused on the formation of TiO2 conversion
filmson the HDG surfas7].

TiO, passivation can improve the corrosion resistance of the galvanized layer. However, there
are some cracks on the surface of the conversion film that affect the corrosion resistance of the film.
The hybrid or sealing treatment can solthis problem to some ext§l?]. Simultaneously, the
hydrophobic treatment can increase the corrosion resistativeaafnversion filnj13]. In this paper, a
layer of TiG, conversion film with a certain degree of roughness was prepared on the HDG,surface
and the effed of the treatment time on the morphology and corrosion resistance of the film were
investigated. Then, the hydiopbic sealing treatment was used to improve corrosion resistance of the
conversion film. the effestof silane treatment on the morphologyater repellencyand corrosion
resistancevere explored

2. EXPERIMENTAL

TiO, conversion solution was prepareddnding 1 gof Ti(SOq), and 60 mLof 30% HO; into
940 mLof deionized water. The pH tifiesolution was adjusted to 2.0 byl M H,SO, solution.

The silanemodified solution was prepared via the -gel method, using TEOS
(tetraethoxysilane) as a precurs&tOH as a solvent, and HMDS$hekamethyldisiloxane) as a
modification component. The molar ratio of the solution was TEOS/HMEB&@H/H,O =
1:2:96:414]. First, the TEOS, EtOH, and distilled water were mixed by vigorousnsgtifor 12 h at
room temperature. TheRIMDS was addedhto the mixed solution. After that, the solution was aged
for 2 h at 80 °C.

The hydrolysis reaction of TEOS and HMR&shown inEq. (1) and (2):

Si(OCH,CH3)4+ H,O  Si(OH),(OCH,CH3)y, Nn+m=4 ()

(CH3)3SINH(CH3)3+H,O 2(CHgs)3Si-OH +NH; (2)

Simultaneously, the polymerization reactions happen between the hydrolysis products of TEOS
and HMDS, the modificatiorolution is formed.

Si(OH),(OCH,CH3)m + (CHg)3Si-OH  Si(OH)s-Si(A)3

A: ((CH3)3SIiO)(SiO)y(OH) X, y>1, integer 3)
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The HDG substrate (zinc | ayer thickness of
following process. Q235 cold rolled steel siseef 50 mm x 40 mm x 2 mm were degreased, pickled
and then fluxed in a mixed solution of 150 g/L Mland 100 g/L ZnGlat 60 Aw4w. The s
dried and dipped imzi nc bath at 450 ,Ahey werewithdrawn siowty,anda n d
quenched in ater immediately. Prior to immersion, the HDG samples were rinsed with ethanol and
deionized water.

HDG samples wereanmersedat ambient temperature for 10 s, 60 s, 300 s, and 1800 s in TiO
conversion solution, respectively. After immersion, the samptae dried at 120C for 30 min. The
samples were named T10, T60, T300, and T1800, respectively. Furthermore, the conversion films
were immersed into the silameodified solution for 2 hours and then dried at $20for 30 min. The
silanemodified conversn films were named as T10M, T60M, T300M, and T1800M, respectively.

The morphologes of the sampleswere observed using higher resolution scanning electron
microscope (SEM, Nanosem 430, Nova, USA). The chemical composittbe siirface wasnalysed
by usinganenergydispersive spectrometer (EDS, X'Pert Pro, Philips, Netherlands). The coatings were
also investigated by Xay diffraction analysis (XRD, X'Pert Pro, Philips, Netherlanas)l Xray
photoelectron spectroscope (XPS, PHD2, Perkin EImenJSA). Thewater contact ange(WCA9
of the coatings wre obtained by using an optical contact angietre (OCA15, DataPhysics
Instruments GmbH, Germany) widb pL water droplet at room temperatui226 °C).

The potentiodynamic polarization (PDP) arldc&rochemical impedance spectroscopy (EIS)
measurements were used to evaluate the corrosion resistancsarhfiiesn a5 wt.% NacCl solution.

A threeelectrode systeniModel: 760C) was constructed to servetlaselectrochemical reactor, in
which a satrated calomel electrode (SCa&)tedasthereferenceelectrode aplatinum foilacted ashe
auxiliary electrode and the sampléth an exposed area of 1.00 éractedas the working electrode.
EIS testswere carried out in a frequency range between 100 &htl 10 mHzy applying an AC
excitation of 10 mV amplitude of sinusoidal voltagée scan rate for polarization was 1 mV/s. The
EIS data ofsampleswere evaluated using the ZView softwdversion 2.1C}°. The PDPtests were
recorded from0.2 V (vs. OCPgpen circuit potentialjo +0.2 V (vs. OCPYith ascan rate of 1 mV/s.

3. RESULTS AND DISCUSSION

3.1. XPS

The convesion film sample with good corrosion was chosen to analyse the components. Fig. 1
is the XPS spectrum of T60 and the spectra of Zn2p and Ti2p. The conversion film is composed of the
elements Zn, O, and Ti (Fig. 1a), element C comes form pollution. Thp gpctrum (Fig. 1b)
exhibits two peaks at 1021.61 eV (Zn2p3/2) and 1022.70 eV (Zn2p3/2), which are attributed to ZnO
and Zn(OH)[16]. Simultaneously, the Ti2p spectrum (Fig. 1c) exhibits two peaks at 458.28 eV
(Ti2p3/2) and 463.96 eV (Ti2pl/2) corresponding to Jl&dxd Ti(OH)[17]. It is shown that after
passivation treatment, the conversion films with Ti(@HD, and ZnO/Zn(OH) have been formed on
the HDG surface.
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Figure 1. XPS spectra of (a) T60, (b) Zn2p, and (c) Ti2p.
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Figure 2. XRD spectra othe T60 and T60M samples.

The XRD patterns of T60 and T60M are shown in Fig. 2. The pattern of T60 (Fig. 2a) shows a
strong peak at 36.3° according to the (002) planes ofZirferom the enlarged pattern (Fig. 2b), it can
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been found that there are two peaks at 54.1° and 55° for T60 and T60M, which can be assigned to th
(105) and (211) planes of TjQvith anatase phase (axding to the JCPDS standards, Card No. 21
127719]), respectively. However, the intensity of the Tigeak decrease after silane treatment. The
XRD plots of T60M (Fig. 2c) display that a diffraction peakgt18° is attributed to the amorphous
SiO,[20]. The results indicate that after the sealing with silane, the amorphous silane gel layer covers
the TiG, conversion film surface.

3.3. Morphology oTiO, and silanemodified conversion films on HDG surfaces

SEM images (Fig. 3) show the surface morph@sgf TiO, conversion films on HDG
surfaces with different immersion timim the Ti(SQ), solution.

Table 1.EDS data of different areas showing #lemerdl componergfor TiO, conversion films.

Elemens
Points Content
@] Ti Zn
1 Atomic% 43.58 0.00 56.42
2 Atomic% 66.43 1.30 32.26
3 Atomic% 56.57 0.00 43.43
4 Atomic% 73.01 2.57 24.43
5 Atomic% 61.92 0.00 38.08
6 Atomic% 83.81 3.43 12.77
7 Atomic% 57.06 0.00 42.94
8 Atomic% 80.16 2.97 16.86

Table 1 is the EDS data obtained from different red regions in Fig. 3. It can be found that after
10 s of treatment (Fig. 3a), the conversion film with an abundance of powder is formed on the HDG
surface. After 60 s of reaction, a relatively smoother film is formed on the HDG surface (Fig. 3b).
Some nanoparticles can also be found on the film. From the magnified SEM image in Fig. 3b, the
aggregations are rough round particles. When the immersionriocreases to 300 s, the thickness of
the conversion film is thicker, and a few small cracks occur resulting from the surface stress (Fig. 3c).
When the immersion time is increased to 1800 s, the cracks become larger, and some conversion filn
has peeled offFig. 3d). The roughness of the conversion film increases with an increase of the
passivation time. From the EDS data, the smooth region (regions 1, 3, 5, 7) comprised Zn and O
elements. The aggregations (region 2, 4, 6, 8) consist of Zn, O, and Ti edeanenare TiQrich.
From the XPS and XRD result, it can be determined that the smooth region and aggregation are
ZnO/Zn(OH) and TiQ-rich, respectively.
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Figure 3. SEM images showing the surface morphasgf (a) T10, (b) T60, (c) T300, and (d)
T1800

The formation process dlie conversion film can be concludéo occuras follows. when the
HDG was dipped into thpassivatiorsolution,a displacement reactiomccursbetween Zn and H and
a depolarization reduction reactimtcursbetween H ions and O,[21]. The chemical decomposition
reaction of HO, provides Q to the solution and further prodwmore OH ions, which promotes the
increase in theH valueof the solution The reactions may occur as folld22]:

Zn+2H'Y Z A*+H, (4)

Ox+2H, O+ 4 e Y4 OH (5)

The increasingamount ofOH" ions provides the conditios to form Ti(OH), and Zn(OH).
When the pH of themall region is larger than 2.5, the deposition of*Thduces the forntion of
Ti(OH)4/TiO*" Simultaneously, 14" reported thatthe Ti** ions that come from the Ti(SP
combinewith the OH to form the TiQ nanoparticlesn weak alkaline conditias) and thusthe TiG
nanoparticles preferentially depositto the HDG surface. The formation of Bi@anoparticle may
occurasfollows:

[Ti(OH)2+(Hz20)4]**+20HY [ T i (s ®1bO)2]+2H.0 6)

[Ti(OH)4-(H20)] Y T 4460 0
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When the pH of thesmall region is larger than 8, Zn(OWZnO deposits on the HDG
surfac¢24], which covers the TiQ nanoparticles to form themoothconversion film. The formation
of theZn(OH)/ZnO layer may be written dsllows:

Zn**+20HY Zn(OH), (8)

Zn(OHYY ZnO+H,0O 9)

From the SEM (Fig. 3) and EDS (Table 1) results, it cardéterminedthat after 10 f
reaction, the Ti@nanoparticles are first formed on the HDG surface. The formation oftaZnhO
is laggng, and the layer of Zn(OH)ZNO is relatively thin so thatt cannot cover the Ti©
nanoparticles completelBy increasing the immersion timadense Zn(OH)ZnO layer could cover
the TiG, nanoparticles. It can be noted that the JTi@roparticles have been inserted into the
conversion film.With further increasein theimmersiontime, the denser layer begins to crack due to
internal stre425].

Table 2.EDS data of different areas showing the elemetmponerg of silanemodified conversion
films.

Elements

Points Content
C @) Si Ti Zn

Atomic% 36.78 40.90 15.80 0.00 6.08
Atomic% 32.13 50.04 8.60 0.26 8.97
Atomic% 35.11 45.11 16.60 0.00 3.12
Atomic% 29.78 48.05 15.73 0.57 4.21
Atomic% 29.78 49.22 9.86 0.00 10.13
Atomic% 13.60 48.15 2.66 3.19 3241
Atomic% 11.56 27.64 2.98 0.00 57.81
Atomic% 17.00 57.70 6.16 4.34 14.80

0o N o o b~ W N P

Fig. 4 shows the surface morphologies of sHaraified conversion films. After modification,
all the conversion films are relatively smooth, and the cracks disappear. The EDS results (Table 2)
display that the flat regions of the modified films are comprised of the elements O, C, Si, and Zn, and
the paricles contain the elements O, C, Si, Zn, and Ti. The results demonstrate that after the
modification process, the Tionversion film has been covered by a silane gel [2§ErA large
number of hydroxyl groups exist on the Bi©onversion film, and when the conversion films is
immersed into the modification solution, dehydration sysith@ccurs between the conversion film
and solutiof26]. The reactions between thenwersion film and silane modification solution may be
written as Eg. (10) and (11). A layer of Si@yer with hydrophobic groups forms on the FiO
conversion film.

-O-Ti-OH+Si(OH-Si(A)sY -O-Ti-O-Si(OH),0-Si(A)3 (20)
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-0-Zn-OH+Si(OHY-Si(A)3Y -O-Zn-O-Si(OH)0-Si(A);
A: ((CH3)sSiO)(SIO)(OH) X, y>1, integer (12)

Figure 4. SEM images showing the surface morphasgf (a) TLOM, (b) T60M, (c) T300M, and (d)
T1800M.

3.3. Effect of silane modification on the watepellenceof the conversion film

Fig. 5 shows the WC#of TiO, conversion films and silarmodified films. Thke WCA of T10
is 70° (Fig. 5a), which is similar with that of pure ziffé T60 hasa WCA of 25 (Fig. 5b) because a
large amount of hydroxyl groups exist in the Tg@nversion film. The WCAof T300 and T1800 are
15° and 9 (Fig. 5¢d), respectively, indicating that praoiging the passivation timeauses a decrease
in the hydrophobicity of the Ti©@conversion films.The reason is that the roughnessha coating
increass as the passivation time increas8imultaneously, the filmsihydrophilic. Fromthe Wenzel
equatiofi28], as shown irEq. (12), wheregis the apparent contact angle tive conversion film,r is
the surface roughness agglis the equilibrium contact angle on the smooth zihcan be seen that as
the roughness dheconversion film increasethe WCA ofthe hydrophilic film decreases.
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Figure 5. WCA images of (aJ 10, (b)T60, (c)T300, (d) T1800, (eJ10M, (f) 60M, (g)T300M, and
(h) T1800M.

COSg =r 3cosg 12

Fig. 5e is the WCA image of T10M. The silammdified flm becomes hydrophobic \uia
WCA of 102.9 asalow surface material modificatiorsimilarly, the WCAvaluesof T60M, T300M
and T1800Mare 122, 128, and 131 (Fig. 5fh), respectively. The roughness of the film increases
with anincreased immersion time, which resuit the stonger hydrophobicity of the modified films.
The results are consistent with the typical Wenzel nji28k!l

3.4. Anticorrosion performance
3.4.1 Anticorrosion performance of Tgxonversion films

Table 3.Electrochemical parameters obtained on the, T@version filns

Samples  Ieor (EA/CM?) Eco/ VVS.SCE R, (W.en?) by (mV/decade) be(mV/decade)

T10 1.05 -1.143 8679 42.25 -40.27
T60 0.55 -1.037 12843 68.87 -21.32
T300 4.20 -1.102 2309 46.28 -43.20
T1800 15.37 -1.109 581 45.90 -37.23

PDP and EIS were employed to evaluate the corrgsiotection performance and to provide
insight on the corrosion mechanism of the J#&nd hydrophobic conversion films. Fig. 6 shows the
PDP curves of Ti@conversion films with different immersion time the Ti(SQ), solution. Table 3
shows the fittedasults from Fig. 6. The corrosion currdnty) for T60 is minimal,approximately
0.55 ¢&andthemf or T10 i £ THeie®Br T308 and WL800 samples decrease
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compared to thsefor T10 and T6Qthe lower the.,, the lower corrosio rate for conversion film in

the solutiof29]. The anoit and cathoit branches for T300 and T1800 mawesvardsthe direction of
acurrent increase compared with that of TBOe tothe existencefacracks for T300 and T1800, the
corrosion medium can permeate through the conversionditoh the corrosion reactiactcurson the
HDG surface, which results ohecreases ithe corrosion resistance of samples. Among the conversion
films, T60 exhibits beer protective propessrelative to T10, T300, and T1800. The,of T1800 is
similar to that of pure zij80], indicatingthatthe cracks ara disadvantage to determine the corrosion
resistance of the conversion films.
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Figure 6. Potentiodynamic polarization curves for gi€@nversion filns with different immersion
timesin 5wt.% NaCl solution.
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Figure 7. EIS (a) Nyquist plots and (b) Bode plots (log |Z| Vs log Fregpdmage angles log Freq)
for TiO, conversion films ira5 wt.% NacCl solution.
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The Nyquist and Bode diagrams for the conversionsfiimmersed in 5 wi NaCl are shown
in Fig. 7.The corrosion resistance can also be calculated from the total impedance valugs T
higher the|Z} v othe lower corrosion rate for conversion film in the soly#28h The value ofiZ} v o
for T10 and T60 are 1.04 x 1@vcnt and 1.06 x 10Went, respectivelyThe value of|Z} v dor the
T60 sample is higher thanaseof the T300 and T1800 samples. The results agood agreement
with the results of PDP and further indicate thatdberosion resistance decreases with the increase of
theimmersion time due to the appearance of cracks.Bdue diagram shoswthat there are twtime
constants for the conversion films, in which the capacitagstancerings at high frequency are
ascriled to the conversion films and thasdow frequency are the charge transfer reaction at the inner
film and substrate interface.

Table 4.Fitted results of EIS parameters obtained on the €@dversion filns.

R CPE; R Ca Ret

s f
Samples Yemd) Yi/Yemd) ne (Yem®d)  Yq(S7Y emd) Na (Y cm?)
T10 1.3 5.0E5 0.75 1800 3.3E4 0.67 10605
T60 0.9 3.3E5 0.66 7520 1.5E4 0.85 6543
T300 1.7 6.5E5 0.76 1600 1.3E3 0.78 2750
T1800 1.0 9.4E5 0.70 270 1.8E3 0.73 750

Figure 8. Equivalent circuit schematizing the coating/NacCl solution interface of T10, T60, T300, and
T1800.

Fromthe above results, itan beconcluded that the dense conversion film provides significant
corrosion protectionTo further explore the goosion resistance of conversion films, equivalent
circuits (ECs) are proposed based on Zview softwane the parameters of the equivalent circuit
components are presented in Table 4. In this circuit (FidR&prresponds to the solution resistgnce
and the constant phase eleme@PE) is relatedto the double layer capacity of the solution/coating
interface.R; represents the charge transfer resistance occurring within the pdtescofating and on
the surfaceandCy represents the double layerperitance R representshe resistance adhe HDG
substrate/coating interface due to the interaction betweddtZand T+O[31]. The results reveal that
T60 haghelowest capacitance and highest resistance, indicating that it can effectively protect the zinc
from corrosion.
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3.4.2 Anticorrosion performance of hydropbia conversion filra

The PDP curves for hydropholsdanemodified conversion films are shown in Fig, &d the
corresponding electrochemical parameters obtained from the PDP curves are listed in Table 5.
Compared with the PDP results of BiGonversionfiims, both the anodic and cathodic branches of
polarization curves for hydrophobic conversion films shift towards the direction whergqthe
decreases, indicating that the anodic process and cathodic process of zinc corrosion areaftaibited
silare treatmentFrom the Table 5, it can be found thlaéi.or values ofthe hydrophobic conversion
films decrease and the polarization resistanakiesincrease compared with the Ti@onversion
films.
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Figure 9. Potentiodynamic polarization curves ®lanemodified conversion films ira 5 wt.% NaCl
solution.

Table 5.Electrochemical parameters obtained onsiteemodified conversion films

lcorr Ecord V vs. Rp ba be
Samples (eAlcm?) SCE (W-en) (mV/decade) (mV/decade)
T10M 0.20 -1.167 28510 4286 -47.60
T60M 0.10 -1.093 97510 45.32 -42.51
T300M 0.33 -1.008 14772 86.88 -28.10
T1800M 1.60 -0.996 4357 78.02 -20.39

The Nyquist and Bode diagrams for the hydrophobic conversion films in% WaCl are
shown in Fig. 10. The total impedance val{gy v) of TLOM, T60M, T300M, and T1800M are
18600, 31160, 5635, and 18%cn¥, respectively, which increase significantigmpared tahose of
the T10, T60, T300, and T1800 films (Fig. 10@he T10M, T60M and T300M is characterized by a
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capacitive loop inthe high medium and low frequency rang&hich is related to the double
conversion films and HDG substrate/coating interf&ae the T1800Mthe conversion film has partly
peeled off, and the EIS result shows the corrosion behaviour as if the silareovigms part of the
HDG surface. Simultaneousithere is an inductive loop in the low frequency range which is related to
the dissolution of zinc is inductive loop of pitting corrosion of the HEXR

In view of the different ElSehavioursof the hydrophobic Ti@conversion films, different
equivalent circuitsised to fit the EIS spectra are shown in Fig.Adr T10M, T60M, and T300M, the
silane film coverghe TiO, conversion film,a double conversion film has been formed on the HDG
surface. ThusRy and CPR are added in the equivalent circuit as shown in Fig.th1f T10M,
T60M and T300N®B3]. For T1800M, the twdime constant is used to fit T1800Ms shown in Fig.
11b.

Figure 10.EIS (a) Nyquist plots and (b) Bode plotsd |Z| Vs log Freq angha® anglevs log Freq)
for hydrophobic conversion films @5 wt.% NaCl solution.

Figure 11. Equivalent circuits schematizing the coating/NaCl solution of T&)M, T60M, and
T300M;and(b) T1800M.

Table 6.Fitted results oEIS parameters obtained on the hydrophobic conversion films

Re CPE =3 CPEn Riy Ret RL L

v 2 Yf v 2 Yf1 v 2 Yd| v 2\ 1\ 2 2
(Y Cm)(s"/Y sz) ng (Y cm)(le sz) ny (Y cm)(§/Y sz) ng (Y cm) (Y cm) (H/ cm")
T10M 1.1 35E6 0.74 1081 4.6E5 0.42 17325 0.0012 0.92 15000
T60M 1.9 5.2E6 0.77 290 1.1E5 0.70 26000 8.62E5 0.59 32000

T300M 1.3 1366 0.7¢ 504 1.6E5 0.67 3068 0.00022 0.99 3969
T1800M 0.2 5.0E5 0.5¢ 1050 0.00045 0.91 2000 500 2000

CPEy

Sample




