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Magnesium alloys have a low specific density and a high strength to weight ratio. This makes them
sought after light weight construction materials for automotive and aerospace applications. These mate-
rials have also recently become of interest for biomedical applications. Unfortunately, the use of magne-
sium alloys in many applications has been limited due to its high susceptibility to corrosion. One way to
improve the corrosion resistance of magnesium alloys is through the deposition of protective coatings.
Many of the current pretreatments/coatings available use toxic chemicals such as chromates and hydro-
fluoric acid. One possible environmentally friendly alternative is organosilane coatings which have been
shown to offer significant corrosion protection to both aluminum alloys and steels. Organosilanes are
ambifunctional molecules that are capable of covalent bonding to metal hydroxide surfaces. In order
for covalent bonding to occur, the organosilane must undergo hydrolysis in the coating bath followed
by a condensation reaction with the surface. There are a number of factors that influence the rates of
these reactions such as pH and concentration of reactants. These factors can also influence competing
reactions in solution such as oligomerization. The rates of hydrolysis and condensation of 3-mercaptopro-
pyltrimethoxy silane in methanol have been analyzed with 1H NMR and ATR–FTIR. The results indicate
that organosilane oligomers begin to form in solution before the molecules are fully hydrolyzed. The
organosilane films deposited on magnesium alloy AZ91 at a variety of concentrations and pre-hydrolysis
times were characterized with a combination of ATR–FTIR, ellipsometry and SEM/EDS. The results show
that both organosilane film thickness and uniformity are affected by the chemistry occurring in the coat-
ing bath prior to deposition.

Crown Copyright � 2009 Published by Elsevier Inc. All rights reserved.
1. Introduction

Rising fuel costs and global warming have initiated a push to-
wards light weight construction materials to improve vehicle fuel
economy. Magnesium alloys are of particular interest for this pur-
pose because they have a specific density 1/4 that of steel and 2/3
that of aluminum [1–5]. Magnesium alloys also have a high
strength to weight ratio which makes them an ideal light weight
construction material [1–5]. Unfortunately, their widespread use
in industry has been limited since they are highly susceptible to
corrosion. However, their corrosion resistance can be improved
by applying protective coatings that do not affect the bulk mechan-
ical properties of the material.

The high reactivity of magnesium surfaces and the fast forma-
tion of a relatively thick native oxide layer pose major challenges
in producing coatings with sufficient adhesion for optimum corro-
sion resistance on these materials [1]. Upon exposure to the atmo-
sphere, an oxide/hydroxide/carbonate layer forms readily over the
009 Published by Elsevier Inc. All r

ro).
surface due to reaction with atmospheric oxygen, water and car-
bon dioxide [4]. In solution, an oxide/hydroxide/carbonate layer
is also formed over the surface [4,5]. While these oxide layers do
offer some corrosion protection to the magnesium alloy, in the
presence of aggressive environments the films tend to break down
[2–5]. For most coating processes, oxide layers are undesirable be-
cause they can ultimately affect the adhesion of protective films
[1,6]. Most current coating processes for magnesium alloys involve
an initial step to remove the oxide layer [1,7–10]. This is typically
done by replacing the oxide layer with a chromate or fluoride layer
through a chemical reaction with either chromic acid or acid fluo-
ride treatments [1,3,4,7–10]. These chemicals are toxic to both hu-
man health and the environment. Alternatives to these harsh
treatments are currently under investigation and the use of orga-
nosilanes, also known as silanes, have become of interest for mag-
nesium as well as other materials such as aluminum and ferrous
alloys [11–20].

Organosilanes have generally been used as adhesion promoters
between inorganic substrates and organic coatings [21,22]. How-
ever, they have recently been shown to act as corrosion resistant
protective coatings for aluminum and ferrous alloys [17–20].
ights reserved.
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Organosilanes are ambifunctional molecules with the general
structure (R0O)3Si–R–X. Where R is an alkyl chain, R0 can be Cl, F,
CH3 or C2H5 and X is a functional group such as a thiol, amine, car-
boxylic acid, alcohol or alkyl group. The alkoxysilane portion of the
molecule is capable of bonding with a variety of mineral or metal
surfaces through complex hydrolysis/condensation reactions
where Si–O–Metal bonds are ultimately formed [11,20,23]. The
deposition of organosilane molecules onto solid surfaces requires
two reactions. Both hydrolysis and condensation of the molecules
must occur as shown in the reactions below [11,18,21–27]:

RðCH2ÞxSiðOR0Þ3 þ 3H2O! RðCH2ÞxSiðOHÞ3 þ 3OR0

RðCH2ÞxSiðOH0Þ3 þ RðCH2ÞxSiðOH0Þ3 ! RðCH2ÞxðOHÞ2Si� O
� SiðOHÞ2ðCH2ÞxR þH2O

RðCH2ÞxSiðOR0Þ3 þMO=MOH! RðCH2ÞxSiðOHÞ2 � OMþH2O

The hydrolyzed organosilane molecules can undergo condensa-
tion with the surface or they can react with other organosilane
molecules to form oligomers in solution. The rates and extent of
these reactions depend on a number of factors such as the organos-
ilane of interest, the solvent, water availability, solution pH, silane
concentration and the surface to be coated [11,18,21–27]. These
factors can also affect the quality of the deposited silane film.

The silane of interest can affect the rates of reaction and the cor-
rosion protection to the underlying substrate. Chemisorbed amino-
silanes have been shown to undergo self-catalyzed hydrolysis of
the Si–O–Metal bond resulting in poor stability of the films in
aqueous environments [15,21,22]. This does not occur with thiolat-
ed organosilanes [21,22]. Organosilanes with short alkyl chains
tend to form disorganized films with random orientation while
organosilanes with long alkyl chains form well ordered films due
to increased intermolecular interactions between the adsorbed
molecules [11,28,29]. There have also been several reported stud-
ies where the functional group, X, attached to the alkyl chain inter-
acts with the substrate via an acid–base interaction [16,30]. This
orientation is undesirable because the physisorbed molecules do
not have sufficient stability to provide long term corrosion
protection.

The availability of water, solution pH and silane concentration
also affect the rates of hydrolysis and condensation [11,18,21–27].
The rate of hydrolysis is faster than condensation when water is in
excess and the pH of the solution is low [21,22,27,31]. The observed
kinetics suggest that the hydrolysis of silanes may be a stepwise
pseudo first order reaction [27]. The rate of condensation is faster
than hydrolysis when small amounts of water are present and the
solution pH is high [21,22,27,31]. The rate of condensation has also
been shown to increase with increasing organosilane concentration.
The possibility that organosilane hydrolysis and condensation occur
simultaneously in solution has also been postulated [22,27].

Organosilanes bond to inorganic substrates through Si–O–Metal
bonds. This means that the presence of an oxide layer on the sur-
face is essential for adhesion of the molecules. Basic oxide layers,
such as those found on Mg alloy surfaces, should promote silane
film deposition [11,28,30,32,33] eliminating the need to remove
the oxide layer prior to coating.

There are only a few published studies on the interactions of
organosilanes with magnesium alloy substrates [11–16]. Zucchi
et al. have compared the protective properties of organosilanes
with short alkyl chains to their long chain counterparts at different
pH values on Mg alloys WE43 and AZ31 [11,12]. There was an opti-
mum pH for hydrolysis associated with each silane studied. The
films formed from those solutions provided the best corrosion pro-
tection. Zucchi et al. also found that long chained silanes provided
better corrosion protection than their short chain counterparts.
Montemor et al. have studied the corrosion protection properties
of silane films with incorporated rare-earth salts and carbon nano-
tubes [13,14]. The incorporated rare-earth salts and carbon nano-
tubes improved the corrosion protection of the silane films on
the Mg alloy. Our research group has recently published a paper
on the interactions of 3-mercaptopropyltrimethoxysilane (MPTS)
and Magnesium alloy AZ91 [16]. In these studies it was determined
that MPTS did not preferentially deposit on the primary a phase or
b phase of the alloy. The solution concentration and pH were
shown to influence both coating thickness and uniformity. X-ray
photoelectron spectroscopy studies revealed that the organosilane
molecules interacted with the surface in several orientations. Some
of the MPTS molecules bonded to the surface through Si–O–Mg
bonds while others interacted with the surface through an acid–
base interaction between the organosilane thiol group and the
magnesium hydroxide layer.

The purpose of the present study was to determine the influ-
ence of coating bath chemistry on the deposition of MPTS onto
magnesium alloy AZ91. It was our hypothesis that allowing the
coating bath to pre-hydrolyze prior to immersion of the magne-
sium alloy substrate would have a significant impact on the nature
of the deposited organosilane films. The solution chemistry as a
function of time was evaluated through a combination of in situ
proton nuclear magnetic resonance (1H NMR) and attenuated total
reflection fourier transform infrared (ATR–FTIR) studies. The im-
pact of the changes in coating bath chemistry due to pre-hydrolysis
time on the deposited organosilane films was evaluated by ATR–
FTIR, scanning electron microscopy/energy dispersive spectros-
copy (SEM/EDS) and ellipsometry.
2. Experimental details

2.1. Substrate preparation

Diecast magnesium alloy AZ91 sheets were obtained from Lunt
Technologies. The sheets were cut into coupons with dimensions of
1” by 1/2”. The coupons were polished to a 1 lm mirror finish with
polishing pads and diamond suspension oils purchased from Bueh-
ler Canada. They were rinsed with water between polishing steps
to remove excess polishing oil. After polishing, they were sonicated
successively in acetone and methanol for 15 min to remove resid-
ual polishing oils followed by a final rinse in deionized water for
30 s. They were then alkaline aged in 0.5 M NaOH for 1 h at
50 �C, rinsed in deionized water for 30 s and blown dry. Alkaline
ageing has been previously shown to increase the hydroxide sur-
face concentration on Mg alloy AZ91 [16]. The basic oxide layer
produced is expected to promote surface condensation of MPTS.

2.2. In situ determination of coating bath chemistry

The hydrolysis and condensation reactions of the organosilane
molecules in the coating bath as a function of time were evaluated
using a combination of 1H NMR and in situ ATR–FTIR analysis.

2.2.1. 1H NMR studies
MPTS was purchased from Sigma–Aldrich Canada and was used

as received. The influence of pH on the rate of hydrolysis was
determined with 1H NMR. The reaction mixture consisted of 2%
v/v MPTS in CD3OD and 3% v/v D2O in an 800 lL, 300 MHz NMR
tube. Predetermined volumes of D2SO4 and NaOD were added to
the solutions to obtain pH values of 4, 7 and 10. The experiments
were carried out on a 200 MHz NMR and peak integrations were
determined with the computer software. The production of meth-
anol and loss of methoxy groups were monitored over a period of
time. Time zero began when MPTS was added to the solution. From
the information collected, the rates of hydrolysis and the optimum
coating bath pH were determined.
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2.2.2. ATR–FTIR studies
The hydrolysis and condensation reactions in solution were also

monitored with ATR–FTIR spectroscopy. These experiments were
carried out at pH 4 with 2% v/v MPTS and 3% v/v H2O in methanol.
MPTS was added to the reaction mixture at time zero and was
pumped through a flow cell with a ZnSe crystal (Pike Technolo-
gies). The background spectrum was the coating bath at time zero.
Difference spectra were then collected as a function of time to
eliminate solvent interference and enable the observation of small
changes in peak intensity and/or frequency. The reported spectra
are an average of 100 scans with a resolution of 4 cm�1. The spectra
were collected every 30 min over a 6 h period. These experiments
were carried out on a Bruker Optics Tensor 27 infrared spectrom-
eter equipped with a liquid nitrogen cooled mercury–cadmium–
telluride (MCT) detector and a horizontal ATR (Pike Technologies).
Atmospheric compensation and baseline correction, were per-
formed with the OPUS computer software. This software was also
used for peak picking and peak integration.

2.3. Ex situ characterization of organosilane coatings as a function of
pre-hydrolysis time

The effects of coating bath pre-hydrolysis on the properties of
the MPTS films deposited on magnesium alloy AZ91 were studied
by characterization of the coatings with a combination of ATR–
FTIR, ellipsometry and SEM/EDS. The coating baths consisted of
2–3 (v/v%) ratios of MPTS to H2O adjusted to pH 4 in methanol.
The solutions were hydrolyzed for various specified periods of time
before coating. The samples were then immersed into the coating
bath for 5 min. The excess solvent was removed by drying the sam-
ples in a stream of air. The samples were then cured in an oven at
100 �C for 1 h. It has been shown by some authors that initially
organosilanes adhere to substrate surfaces through hydrogen
bonding between the silanol groups and the metal oxide. Film cur-
ing has been shown to be required to ensure cross-linking of the
silane molecules and adhesion to the surface [17,23,24].

2.3.1. ATR–FTIR analysis
ATR–FTIR spectra were collected using a Bruker Optics infrared

microscope with an ATR objective and a Ge crystal. The resolution
Fig. 1. Schematic representation of the hydrolysis and co
of the spectrometer was 4 cm�1. Each spectrum is the result of 500
scans. The spectrometer was equipped with a MCT detector that
was liquid nitrogen cooled. The spectra were corrected for CO2

and H2O with the atmospheric compensation function of the soft-
ware. The OPUS software was also used to integrate the area under
the peaks of interest.
2.3.2. SEM/EDS analysis
Samples to be analyzed were sputter coated with a thin film of

carbon to render the sample conductive. All samples were ana-
lyzed with a Zeiss EVO50 SEM, EDS spectrometer. The vacuum in
the chamber was 1.14 � 10�6 mbar. The beam current of the elec-
tron gun was set at 1.0 nA. A spot size of 520 nm was used with a
working distance of 8.5–9 mm. The collection time for the EDS was
set for 45 s.
2.3.3. Ellipsometry
Ellipsometry was performed with a MM-16 Horiba Jobin Yvon

spectrometer. The circularly polarized light was in the visible range
with an incident angle of 70�. The Delta Psi 2 computer software
was used for determining film thicknesses.
3. Results and discussion

3.1. In situ 1H NMR studies on the hydrolysis of MPTS at pH 4, 7 and 10

Although, the rate of hydrolysis of a variety of organosilanes as
a function of pH has been reported [21–24,27,31], the rate of
hydrolysis of MPTS in methanol has not been studied. The rates
of hydrolysis for MPTS at pH 4, 7 and 10 were examined with 1H
NMR. It is generally accepted that at low pH, hydrolysis will be
complete before condensation occurs while at high pH, the con-
densation process begins with incomplete hydrolysis [11,18,
21–27,31]. Under acidic conditions, the rate of hydrolysis has pre-
viously been reported to be faster than condensation. However, the
reaction is often oversimplified by assuming that the hydrolysis
reaction has gone to completion prior to condensation while in fact
it is likely that once a significant fraction of hydrolyzed molecules
are formed; condensation begins to occur simultaneously in solu-
ndensation reactions that occur in the coating bath.
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Fig. 2. Schematic representation of the hydrolysis reaction and a representative 1H
NMR spectrum with relevant peak assignments.
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tion. A schematic diagram representing the possible reactions is
shown in Fig. 1.

In these 1H NMR studies, the loss of the alkoxy groups was mon-
itored simultaneously with the production of deuterated methanol.
A representative 1H NMR spectrum with peak assignments is
shown in Fig. 2. The thiol shift was not observed in the spectrum
because of rapid exchange with the CD3OD and D2O. (see Fig. 2)
The peaks labelled a, b and c are unaffected by hydrolysis and act
as internal references. Fig. 3 shows the change in the normalized
peak integrations for the hydrolysis of the alkoxy group of the
MPTS molecule (peak e, 3.25 ppm) and the production of deuter-
ated methanol (peak d, 3.05 ppm) at pH 4, 7 and 10 as a function
of time.

Regardless of pH, a near exponential decay of the NMR signal for
peak e due to a decrease in the number of alkoxy groups was ob-
served as a function of time. This decrease was attributed to the
hydrolysis of the organosilane methoxy groups. A concomitant
near exponential increase of the NMR signal for peak d was also
observed at pH 4, 7 and 10. Peak d has been assigned to the protons
in CH3OD. The growth in this peak confirms that hydrolysis occurs
at all pH values. However, the rate of hydrolysis changes signifi-
cantly as a function of pH. At pH 4, complete hydrolysis, within
the detection limit of the instrument, was observed after 6 h. At
pH 7, complete hydrolysis was observed only after 46 days of reac-
tion time. However, some precipitation of condensation products
was observed prior to complete hydrolysis. At pH 10, complete
hydrolysis was observed after only 3.5 h. As observed at pH 7, pre-
cipitation of condensation products was observed in solution prior
to completion of the hydrolysis reaction.

The hydrolysis of organosilanes has previously been reported to
be a pseudo first order reaction when the concentration of water is
in excess [27]. At first glance, all of the kinetic data appears to be
exponential. However, plots of ln peak integration vs. time (not
shown) showed significant deviations from linearity. This indicates
that disappearance of alkoxy groups from the silane molecules is
not a simple pseudo first order reaction. There are in fact two pos-
sible reactions that would result in a decrease in the number of alk-
oxy groups. The first is hydrolysis of MPTS (Fig. 1, path a). In the
presence of excess water, this reaction can be modeled as a pseudo
first order reaction. The second is a condensation reaction between
a hydrolyzed MPTS molecule and an unhydrolyzed MPTS molecule
(Fig. 1, path b) [21–23]. Both of these pathways also produce meth-
anol as a reaction product. Finally a third reaction involving the
condensation of two silanols as shown in Fig. 1, path c, also occurs.
This reaction cannot be directly observed by 1H NMR. Using the
three reactions below, differential rate equations were determined.

A!kh A0

Aþ A0 !ko O

A0 þ A0 !
ko0 O

A represents unhydrolyzed MPTS, A0 partially hydrolyzed MPTS
and O the product of condensation to form an oligomer in solution.
The rate equation below was developed by treating the hydrolyzed
silane molecules (A0) as an intermediate; the steady state approxi-
mation was used to set d[A0]/dt = 0. With these assumptions d[A]/
dt has the form of a first order ordinary differential equation
(ODE) which was solved using an integration factor. This gave
the equation shown below where kh and ko0 are the rate constants
for hydrolysis and condensation respectively and Ai is the initial
concentration of MPTS in solution. The term ko0 ½A0�2 is a constant
and was assigned the symbol r. The rate constant kh is actually a
pseudo first order rate constant because the concentration of water
is in excess.

AðtÞ ¼ r
2kh

1� e�2kht
� �

þ Aoe�2kht

All fits were done using the Excel Solver tool with kh and r as fit
parameters. Ao was fixed as the value of your data at time zero. The
initial guess values in every fit were kh = 0.001 and r = 0.001. The
constraints were kh = 1 � 10�8 and r = 1 � 10�8.

This equation was used to determine the rate of hydrolysis and
condensation of MPTS at pH 4, 7 and 10.

The rate constants obtained at each pH value are tabulated in
Table 1.

The model was a good fit for the data at all three pH values as
evidenced by the sums of the squares of the errors reported (Ta-
ble 1). The rate constant for the condensation of two silanols (ko0 )
was essentially zero at pH 4 and increased as a function of increas-
ing pH. This is consistent with previous reports [22,23] that have
shown that the rate of condensation is low under acidic conditions
and higher in basic solution. The observed rate constant for hydro-
lysis (kh) was highest at pH 4, dropped two orders of magnitude at
pH 7 and was highest at pH 10 (by a small amount). The results
indicate that hydrolysis dominates at low pH. At neutral pH, the
rates of hydrolysis and condensation are the same order of magni-
tude (10�5 min�1). At pH 10, the rate of hydrolysis is slightly higher
than the rate of condensation. However, in comparison to pH 4 and
pH 7, the rate of the condensation reaction is the highest under ba-
sic conditions. In summary, the rate constants show that hydrolysis
is faster than condensation at acidic and basic pH values. The solu-
tion chemistry was also studied by in situ ATR–FTIR and will be
further discussed in the next section.

An optimum organosilane coating bath must be a stable solu-
tion in order to allow hydrolyzed organosilane molecules to con-
dense with the surface. Despite having the fastest hydrolysis rate,
pH 10 was not chosen as the optimum coating bath pH. This is due
to the high degree of oligomerization observed in solution. The
physisorption of large oligomers can result in poor adhesion and
non-uniform film formation which negatively impacts corrosion
resistance. The optimum pH of the coating bath was chosen to be
pH 4. This is due to the fact that a significant number of hydrolyzed
organosilanes were observed in solution within a reasonable time
frame (a few hours) without any visible precipitation of condensa-
tion products. Neutral pH was not chosen due to the extremely
long hydrolysis time (days), this would be inconvenient for indus-
trial applications. At pH 4 a balance is struck between the availabil-
ity of silanol (Si–OH) groups for surface bonding and minimal
interference from solution phase oligomers. All further experi-
ments were carried out at pH 4.
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Table 1
Kinetic rate constants for hydrolysis and condensation of MPTS in methanol.

pH 4 pH 7 pH 10

Rate constant
hydrolysis (kh)

2.74 � 10�3 min�1 4.93 � 10�5 min�1 3.98 � 10�3 min�1

Rate constant
oligomerization
(ko)

1 � 10�8 min�1 6.27 � 10�5 min�1 2.04 � 10�3 min�1

Sum of squares
of the error

7.72 0.059 0.25
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3.2. In situ ATR–FTIR studies on the hydrolysis and condensation of
MPTS

The hydrolysis and condensation reactions of MPTS in methanol
were studied in an in situ ATR–FTIR experiment. In the difference
spectra collected, there are two main regions of interest associated
with silane hydrolysis and condensation. Fig. 4 shows the differ-
ence spectra collected as a function of time in the region from
1200 cm�1 to 1070 cm�1. Fig. 5 shows the difference spectra in
the region from 960 cm�1 to 830 cm�1. In the difference spectra,
the flat line spectrum was taken immediately after the background
was collected. New spectra were collected every 30 min after this
point. Significant changes were observed in the infrared spectra
as the reaction progressed. Fig. 4 shows that there is a decrease
in peak intensity for the band at 1089 cm�1 which can be attrib-
uted to the Si–O–CH3 band of MPTS. This functional group is con-
verted to Si–OH as hydrolysis proceeds. As observed from the
NMR experiment, this functional group is also be consumed in a
condensation reaction between Si–O–CH3 and Si–OH groups. Two
increasing peaks are also observed in this region of the spectra.
These peaks are both due to Si–O–Si symmetric and asymmetric
stretching. The absorption at 1120 cm�1 is due to poorly cross-
linked, linear oligomer chains forming in solution. The absorption
at the higher wavenumber of 1185 cm�1 is due to highly cross-
linked, cyclical oligomers. The spectra in the second region of inter-
est (Fig. 5) show two main peaks of interest. These peaks can be
attributed to Si–O stretching and deformation, with some small
contributions from Si–OH. These peaks increase slightly with time
due to the formation of silanols (Si–OH) in solution.

This experiment was repeated with D2O instead of H2O. Similar
spectra were observed; likely due to rapid H/D exchange between
methanol and D2O. The change in peak intensity as a function of
time for the Si–O–Si at 1120 cm�1 and for the Si–OH peak at
910 cm�1 for both the H2O and D2O experiments are compared
in Fig. 6. In Fig. 6a, the peak intensities for the two systems is iden-
tical confirming our hypothesis that this peak is due to condensa-
tion of the silane molecules in solution. If this peak was due to one
of the new species formed during hydrolysis (Si–OH/Si–OD or
CH3OH/CH3OD) we would expect significant changes in the fre-
quency of the deuterated species and consequently a decrease in
intensity for the non-deuterated band. In Fig. 6b there is a decrease
in the peak intensities of the peak at 910 cm�1 in the presence of
D2O. This confirms that this peak is due to the formation of Si–
OH groups during hydrolysis of the organosilane. Despite rapid
H/D exchange in the system, the deuterated solution contains
some hydrolyzed silane with Si–OD groups. The deuterated sila-
nols would absorb at a markedly different frequency than Si–OH
leading to an overall decrease in intensity for the Si–OH absorption
band. This confirms that the peak at 910 cm�1 can be assigned to
Si–OH.

Upon comparison of Fig. 6a and b it is also apparent that the
peak intensities at 910 cm�1 were larger than those at
1120 cm�1. Si–O–Si has strong infrared absorption peaks while
Si–OH has medium absorption bands. The fact that the infrared
bands at 910 cm�1 are more intense indicates that the rate of
hydrolysis is faster than the rate of condensation [22]. The results
from this study indicate that both hydrolysis and condensation oc-
cur simultaneously in solution even at low pH. However, although
some oligomers do form in solution at this pH, there are still a sig-
nificant number of Si–OH groups available for grafting to the mag-
nesium alloy surface.
3.3. Characterization of the influence of solution chemistry on the
nature of MPTS coatings on magnesium alloy AZ91

The influence of hydrolysis and condensation on MPTS films
deposited on Mg alloy AZ91 was monitored with ATR–FTIR, ellips-
ometry and SEM/EDS. The effects of coating bath ageing
(pre-hydrolysis time) and MPTS concentration were studied. The
pre-hydrolysis times of interest ranged from no pre-hydrolysis
(0 h) to 24 h of pre-hydrolysis prior to coating. The solution con-
centrations studied were 1%, 2% and 4% (v/v) MPTS at pH 4.
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Fig. 5. In situ ATR–FTIR difference spectra for MPTS in CH3OH and H2O from 960 to 830 cm�1.

Fig. 6. Intensities of in situ ATR–FTIR absorption bands for H2O and D2O systems:
(a) Si–O–Si absorption peak at 1120 cm�1 and (b) Si–O/Si–OH absorption peak at
910 cm�1.
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Fig. 7. IR spectrum of an MPTS film on Mg alloy AZ91.
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3.3.1. Ex situ ATR–FTIR analysis
Infrared spectra were collected on each of the coated magne-

sium alloy coupons. A representative infrared spectrum is shown
in Fig. 7 and the band assignments are given in Table 2. All of the
spectra obtained showed absorption peaks from both the magne-
sium alloy substrate and the MPTS film. This indicates that even
at high concentrations and/or long pre-hydrolysis times the coat-
ing thickness is less than the sampling depth of the instrument
(�1 lm).

For a given absorption band, the intensity is dependent on the
degree of coverage and thickness of the MPTS film. Less MPTS on
the surface results in large substrate peaks and small MPTS peaks
while the opposite is observed for thicker MPTS layers. In order
to qualitatively determine the influence of pre-hydrolysis time
and solution concentration on film thickness the change in inten-
sity of the MPTS band at 1250 cm�1 was monitored. This band
was chosen because there is no interference from the substrate
in this region of the spectrum. Furthermore, this peak is insensitive
to degree of hydrolysis and/or condensation since it represents the
Si–C stretch of the MPTS molecule which is unaffected by either
reaction. The intensity of this peak should accurately represent
all of the surface bound organosilane. The change in intensity of
this peak as a function of increasing pre-hydrolysis time at differ-



Table 2
Infrared peak assignments for MPTS on magnesium alloy AZ91.

Magnesium alloys substrate
peaks

3-Mercaptopropyltrimethoxysilane
peaks

Wavenumber
(cm�1)

Assignment Wavenumber
(cm�1)

Assignment

3700 OH stretch 2550 S–H stretch
2930 CHsp3 stretch 1408 CH2 alkyl chain

bend
2850 1343

1305
1500 MgCO3 1250 Si–C stretch
1089 Al(OH)3 1120 Si–O–Si, Si–O–Mg,

MgSO4
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ent concentrations is shown in Fig. 8. Each data point is an average
of nine measurements (three samples, three spots each).

3.3.1.1. Influence of coating bath concentration on film thick-
ness. Fig. 8 shows that regardless of pre-hydrolysis time, there is
an increase in peak intensity as a function of MPTS concentration
in solution. This indicates that as would be expected, the degree
of surface condensation increases when there are more MPTS mol-
ecules available for surface bonding. Interestingly, the size of the
error bars for each data point also increases at higher concentra-
tions. These error bars largely represent variations in film thickness
from sample to sample and from spot to spot. The fact that the er-
ror bars are larger for the films deposited from 2% to 4% solutions
compared to the 1% solution indicates that film uniformity is better
at lower concentration. This may be due to increased solution con-
densation of MTPS at higher concentration resulting in increased
physisorption of oligomers at the surface.

3.3.1.2. Influence of pre-hydrolysis time on film thickness. At all con-
centrations studied, the level of organosilane deposition was low
Fig. 8. IR peak intensity at 1250 cm�1 for MPTS films on Mg alloy AZ
until a minimum pre-hydrolysis time was reached. After this point,
the thickness of the deposited MPTS films increased significantly.

For the 1% MPTS solutions, very little organosilane adsorption
was observed for pre-hydrolysis times of 0–2 h. After a 4 h solution
pre-hydrolysis, the intensity of the infrared band increases dramat-
ically indicating an increase in film thickness. Beyond this hydroly-
sis time, the thickness of the MPTS films decreased slightly and
remained constant within error. At the low hydrolysis times, there
are fewer hydrolyzed molecules available in solution for surface
bonding. As the solution hydrolysis time increased, the number
of both hydrolyzed molecules and oligomers increases. The large
increase observed for 4 h of pre-hydrolysis may be due to the pres-
ence of oligomers in solution that contain a significant number of
Si–OH groups (they have not cross-linked to a high degree). In or-
der to covalently bond with the surface Si–OH groups must con-
dense with Mg–OH groups to form Si–O–Mg bonds. Partially
cross-linked oligomers would have Si–OH groups available for
interaction with the surface and with each other promoting surface
adsorption. A slight decrease in film thickness for pre-hydrolysis
times greater than 4 h was observed. At higher reaction times,
the solution phase oligomers would be more highly cross-linked
and contain fewer Si–OH groups for interaction with the surface
leading to a decrease in surface adsorption.

The results obtained for the 2% v/v MPTS solutions were similar
to those observed for the 1% solutions. Low pre-hydrolysis times
led to little deposition of MPTS onto the surface. In this case a min-
imum pre-hydrolysis time of 2 h was required to obtain thicker
MPTS films. This is lower than the minimum time observed for
1% solutions because at higher concentrations, the rate of forma-
tion of oligomers is faster. After a minimum pre-hydrolysis time,
the thickness of the MPTS films remained constant within error.

For the MPTS films deposited from a 4% solution, much thicker
films were observed even at low pre-hydrolysis times. Given that
the results for the 1% and 2% solutions demonstrated that hydroly-
sis of the molecules is important for surface adsorption, it is unli-
91 at various solution pre-hydrolysis times and concentrations.



Fig. 9. Approximate film thicknesses for 1%, 2% and 4% MPTS solutions deposited on Mg alloy AZ91 at various pre-hydrolysis times.

Fig. 10. SEM images of MPTS films: (a) 1% MPTS, 2 h pre-hydrolysis, (b) 4% MPTS, 2 h pre-hydrolysis, (c) 1% MPTS, 24 h pre-hydrolysis, and (d) 4% MPTS, 24 h pre-hydrolysis.
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kely that unhydrolyzed molecules readily bond to the surface.
Therefore, it is likely that the increased adsorption at the lower
pre-hydrolysis times is due to increased physisorption at the high-
er concentration. As the pre-hydrolysis time increased beyond 2 h,
an increase in adsorption was observed. This is similar to what was
observed for the 1% and 2% solutions and has been previously



Table 3
Average atomic % silicon on MPTS coated magnesium alloy coupons.

Sample Average atomic % silicon

1% MPTS, 2 h pre-hydrolysis 0.22 ± 0.28
4% MPTS, 2 h pre-hydrolysis 5.33 ± 7.50
1% MPTS, 24 h pre-hydrolysis 4.40 ± 8.65
4% MPTS, 24 h pre-hydrolysis 6.33 ± 2.35
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attributed to an increase in both the availability of Si–OH groups
for surface bonding and the formation of solution phase oligomers
that deposit on the surface.

3.3.2. Determination of film thickness by ellipsometry
The thickness of the oxide/hydroxide layer on Mg alloy AZ91

was determined to be approximately 55 ± 5 nm by ellipsometry
measurements. The approximate thicknesses of the MPTS films
on Mg alloy AZ91 were also determined using ellipsometry. The re-
sults obtained are shown in Fig. 9 and are similar to those observed
by ATR–FTIR. Shorter hydrolysis times resulted in thinner films
that increased in thickness after a minimum hydrolysis time was
reached. After this time, there was no statistically significant in-
crease in film thickness. The overall thicknesses of the MPTS films
also increased as the MPTS solution concentration increased. The
error bars associated with this analysis are very large. This is due
to variations in film thickness from sample to sample and from
spot to spot indicating that the MPTS films produced via dip coat-
ing tend to be non-uniform.

3.3.3. SEM/EDS analysis
Fig. 10 shows SEM images for MPTS coated samples as a func-

tion of both solution concentration and pre-hydrolysis time. These
images show that all of the films are relatively smooth. However,
the films produced from solutions that had pre-hydrolyzed for
24 h in Fig. 10c and d had a few small bumps and dark regions.
EDS analysis confirmed that there was significantly more silicon
in the darker regions than on the rest of the sample. The average
atomic % silicon for each sample is tabulated in Table 3. The aver-
age values were calculated from approximately 10 spots within the
image field of view. The coating produced from the low concentra-
tion, low pre-hydrolysis time had very low levels of silicon indicat-
ing that the coating is very thin. The measured atomic % silicon for
the rest of the samples is the same within error. In every case the
error is very large. This is due to non-uniformity of the coatings.
While silicon was consistently observed on these samples, the dark
areas contained significantly more silicon than the lighter regions.
This is mostly likely due to the presence of a few relatively large
oligomers on the surface of the samples. The observed non-uni-
form film thickness is consistent with both the infrared and ellips-
ometry results obtained.
4. Conclusions

The purpose of this paper was to explore the influence of coat-
ing bath chemistry on the properties of 3-mercaptopropyltrimeth-
oxysilane films deposited on magnesium alloy surfaces. The main
conclusions can be summarized as follows:

1. The most uniform MPTS coatings are obtained from a pH 4 coat-
ing bath. At this pH, a balance is struck between the availability
of silanol (Si–OH) groups for surface bonding with minimal
interference from solution phase oligomers.

2. Pre-hydrolysis of the coating bath is essential to promote con-
densation of MPTS with the magnesium alloy surface. This is
important for producing MPTS films on magnesium alloys with
optimum adhesion and corrosion resistance.
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