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STATEMENT OF WORK

Under U.S. Army Research Office (ARQ) sponsorship, on Contract Numbers,
MIPR-ARQ102-89, 103-90, 119-91 and 157-92, Brookhaven Natiomal Laboracory
(BNL) performed research on three topics:

1) Advanced zinc phosphate conversicn coatings,

2) Synthesis and characteristics of pre-ceramic polymetallosiloxane
coating films, and

3y Crystalline polyphenyletheretherketone (PEEK) - based materials.

Major research activities within each of these topics are described
below.

1. Advanced Zinc Phosphate Conversion Ceoatings

The major phase In the inscluble zinc¢ phosphate (Zn-Ph) conversion
coatings, which is responsible for improved corrosion protection, was
identified to be the same Zn;(P0,),;+2H3;0, as that used as a starting material.
From the viewpoint of c¢rystal molecular structure, because Zn-Ph lavers
contain a certaln amount of crystallized water, it should be considered that
when thermal barrier organic topcoat systems, such as polyimide [1,2],
polybenzimidazoles [2], polyquinoxalines [3,4], and polyphenylene sulphide
[4], are applied directly toc the Zn+Ph surface, high-temperature treatment of
the topcoats te form solid polymer films will lead to interfacial disbondment
and separation brought about by the dehydration of the Zn+Ph. This failure is
associated with the formation of weak boundary layers, resulting in poor
corrosion protection. It was very ilmportant, therefore, to galnm fundamental
knowledge regarding the thermal degradation and phase transformation of Zn-Ph
at an elevated temperature, before studying the interfacial chemical nature
between the high-temperature performance polymers and the crystalline Zn-Ph.
On the other hand, during the corrosion of iron and steel in a near neutral
aqueous envircnment, the cathodic half reaction in terms of the oxygen reduc-
tion reaction, is Hy0 + 1/2 0, + 2¢” = 2 OH. A shortcoming of Zn+Ph coatings
as a barrier to the corrosion of steel is that the hydroxyl ions generated by
this cathodic reaction [5] induce dissolution of the coating layers. A lower
susceptibility of Zn+<Ph to alkali dissolution also minimizes cathodic
delamination rates for polymeric topcoat films. Thus, it was very important
in assessing anticorrosive coatings to estimate the extent of alkali
disscolution of Zn-Ph.

The ionic and/or elemental cobalt and nickel atoms are well-known inhibi-
tors of the cathodic reaction of electrogalvanized steel [6-9)]. The mechanism
of this inhibition of corrosion was described by Leidheiser and Suzuki [10] as
being due tc the electron trapplng reactions, Mt (M: Co and Ni) + Ze = M°, of
such atoms doped in the zine oxide lattice. The M*" ions favorably trap the
electrons evolved from the anodic reaction, Zn® - 2e” —> Zn?*, occurring at
the oxide/solution interface, thereby inhibiting the cathodic reaction.



Accordingly, the emphasis of our present study was directed towards
developing and characterizing advanced hydrous and anhydrous Zne«Ph containing
the Co and Ni atoms, and poly(acrylic)acid, p{ad), which is a polyelectrolyte
macromolecule species. The advanced Zn+Ph coatings will inhibit oxvgen reduc-
tion reactions and minimize the rate of cathodic delamination of high-tempera-
ture performance polymer topcoats from phosphated steels.

2. Synthesis of Pre-Ceramic Polvmetallosiloxane Coating Films

Ceramic coatings have not yet been widely used ¢n aluminum and magnesium
alloys, and on other low melting-point metal substrates because of two main
reasens. First, coatings must adhere well and have an appropriate expansion
coefficient, especially during temperature cycling, otherwise the coating will
separate from the substrate. Second, many ceramic coatings must be applied
and processed at high temperature (>1000°C), using expensive and time-con-
suming methods, such as chemical wvapor deposition.

To solve these problems with conventional ceramic coatings, our work was
focused upon the synthesis of pre-ceramic inorganic polymetallosiloxane {PMS)
polymers, and upon the characteristics of the synthesized PMS as corrosion-
protective coatings on aluminum substrates.

The use of metal alkoxides, M(OR), (where M is Ti, Zr, Ge, Al, B, La, and
sn, R is CH,, C,H5, CiH; or C,Hg), as a means of emhancing the network connec-
tivity and, hence, the extent of three-dimensional crosslinking of polymeric
organosilanes synthesized using sol-gel techniques in terms of hydreolysis-
polycondensation processes, was investigated previously [11l, 1l2]. These
authors reported that the incorporation of M(OR), into the organosilane system
improved mechanical properties such as the modulus of elasticity and tensile
strength of the organosiloxane polymer. Huang et al. also reported that the
addition of excessive amounts of M(OR), to the systems results in large reduc-
tions in the elongation at the failure point of the polymers [13]. All of
these studies were performed at temperatures up to ZZ0°C.

An inorganic polysilane formed by a sol-gel polycondensation process
involving tetraethylorthosilicate, Si{0OC,Hs),, is presently used as a binder
in inorganic zinc-rich primers, which act to inhibit the corrosion of
metals [l4]. The major characteristics of these cured inorganic zine primer
films are their excellent adhesion to metallic substrates, thermal stability,
resistance to ultravioclet light and weathering, and abrasion. As a result,
they appear promising for use as reliable underlying structures to which
organic topcoats can be applied.

On the basis of the above information, our attention was focused on the
characteristics of polymeric materials synchesized through hydrolysis-conden-
sation reactions of M(OR),-incorporated organosilane monomeric mixtures over
the temperature range l00-500°C. When film fabrication temperatures 2300°C
are considered, 1t can be assumed that a large number of carbon-containing
groups will be eliminated pyrolytically from the polymer network strucctures as
a result of elevated temperature. Hence, attention was given to the pyrolytic
changes in the conformation of M compound-modified organosilane polymers.

Such conformational changes and their processes, as a function of temperature,



may be different, depending on the species of organosilane and the proportions
of organosilane to M(OR), used as original starting materials.

To obtain such information, we examined three topics. First, emphasis
was placed on the pyrolytic conformational changes and the mechanisms of Ti
compound-modified organosilane polymers formed at various Ti(OR}, to
organosilane monomer raties. In this study, the 3-glycidoxyprepyltrimethoxy-
silane (GPS) examined by previous investigators (11,12] was used. The
observed conformational changes were correlated with alterations in the sur-
face morphology, changes in surface chemical composition and chemical states
of the Ti compound-modified GPS coating films overlayed on aluminum substrates
at temperatures up to 500°C. The ability of the coatings formed ar tempera-
tures ranging from 100°C to 500°C to inhibit the pitting corrosion of aluminum
was studied secondly. The third research topic focused on the use of other
metal alkoxide species, such as Al(OC3H;};, and Zr (OCsH;),. In addition, the
fabrication of thin films (thickness <lum}, which may form microcrack-free
coatings, because of lower rates of velatility and pyrolysis, was also
considered. Finally, based upon fundamental knowledge obtained from the above
studies, efforts were then focused on the fabrication of good coating films
and the evaluation of their corrosion protective performance.

3. Crvstalline Polvphenvletheretherketone (PEEK) - Based Materials

The melt crystallized polyaryl polymers, such as polyphenylenesulphide

0
PPS - lyphenyleth herk PEEK), A
( ).E@ 5 - polyphenyletheret ergetone ( ) '@C'@O@ﬂ}h

and polyphenyletherketone (PEK), '0971 , have common chemical
-features consisting of aromatic backbeone chains coupled with oxygen, ketone,
and/or sulphur. When these linear polymers are left in an oven at a tempera-
ture above their melting point of > 280°C, chain extension of the main phenyl
groups caused by melting leads to molecular orientation, which is reflected in
the crystallization of the polymers during cooling from the melting tempera-
ture to a lower temperature [15-17]. Such crystallization behavior of the
polyaryls gives them specific desirable characteristics as adhesives, such as
high temperature stability, high radiation, chemical, and hydrothermal resis-
tance, and good mechanical and dielectric properties. Thus, polyaryls have
become of increasing interest for applications in coatings, as adhesives, and
in composites.

Qur particular interest was to investigate the thermal, hydrothermal, and
chemical durabilities of PEEK polymer mortar specimens, which were prepared by
the melting-cooling processes of PEEK powder-sand mixtures. In addition, the
thermal characteristics, crystalline behavior, and change in chemical
structure of the PEEK neat cements under air or N, environments were also
explored.



SUMMARY OF RESULTS

1, Advanced Zinc Phosphate Conversion Coatings

Advanced Zn+Ph conversion coatings can be prepared by immersing steel iIn
Co®t and Ni%* ion-incorporated p{AA)-zinc phosphate solution systems. The
formation of M2 (M: Co and Ni)-p(AA) salt complexes containing -C00™ M?* "Q0C-
groups played an impertant role in accelerating and promoting the growth and
development of Zne<Ph crystal layers over the steel, and also introduced
amorphous Fe-rich phosphate conversion layers in the vicinity of Fe,0; sub-
strates. The electron trapping behavior of the M** ions dissociated from the
complex formations and M hydroxides in the NaCl solution inhibited cathodic
reactions, thereby resulting in an extended lifetime for the Zn+Ph, which
serves to provide corrosion protection for steel. In the final stages of the
conversion process, the crystal phase of Ni system-derived conversion coatings
consisted of zinc orthophosphate dihydrate, [Zny(PQ,),*2H,0] as the major
component and hopeite, [Zn,(P0,);+4H,0] as the mincr cne. The uniform coverage
of Zn,(PQ,);+2H,0-hopeite interlocked crystals over the steel may reduce the
rate of corrosion.

In thermal dehydration processes at 340°C, a hopeite -+ v-Zns(PQ,), phase
transition occurs. In contrast, the Zny;(P0,);+2H,0 was preferencially
converted into the a-Zn,(P0,), phase which has a alkali dissoclution rate
considerably lower than that of the y-phase. This results in a minimized
cathodic delamination rate of polymeric films from a-phase steel substrates.

When high-temperature performance PPS polymer coatings were directly
applied to cold-rolled steel surfaces, the chemical reaction at 350°C between
the Fe,0, at the outermost surfaces of the steel and the PPS in air led to the
formation of FeS0, at the critical interfacial zcnes. Although the intermedi-
ate FeS0, layers, as interfacial reaction products, play an important role in
developing bond strength at the PPS/steel joint, the alkali-catalyzed hydroly-
sis of FeS0, caused by the cathedic reaction, H,0 + 1/20, + 2e” = 20H", at any
defects in the coating film, caused catastrophic cathodic delamination of the
PPS film from the steel. Therefore, to avoid the direct contact of PPS with
steel, a p(AA)-modified Zn+Ph conversion ceoating was deposited on the steel
surfaces. Before applying the PPS, the Zn,(P0,),-2H,0 as a major phase of the
Zn+Ph layers was converted into an a-Zn3(P0,), phase by thermal dehydration at
350°C. This thermal treatment also promoted the transformation of the
poly(acid) structure within the p({AAd) into the poly{acid)anhydride, and the
oxidation of free Fe atoms disscciated from the steel surfaces during the
precipitation of the crystalline Zn+Ph cecating. We found that S50, emitted
from the PPS at the PPS-to-Zn-Ph boundary regions preferentially reacts with
the oxidized Fe compounds, rather than with Zn and P atoms in the Zn-.?h
crystals. Such a gas-solid interaction between 50, and the oxidlzed Fe
compound at 350°C caused the formation of a FeS reaction preoduct. In
addition, the two different interactions were recognized: one was the polymer-
to-polymer reaction between the PPS and the poly(acid)anhydride existing ac
the outer surface of the Zn+Ph layers; the other was the mechanical
interlocking asscciated with the mechanical anchoring of the PPS polymer,
which resulted from the penetration of the melted polymer into the open
surface microstructure of the Zn*Ph layers. These physico-chemical factors,



contributing to the development of adhesion force at the PPS/Zn«Ph interfaces,
were esgentially responsible for a high lap-shear bond strength on the
phosphated metal-to-phosphated metal PPS specimens.

Once a cathodic reaction occurs at a defect in the PPS/Zne<Ph system, the
action of NaOH derived from the cathodic reaction results in the dissolution
and hydrolysis of the anhydrous Zn+Ph and FeS interaction product. Such an
alkali-induced dissociation resulted in the formation of the Na-related sulfur
compounds, such as Na-sulphide, Na-sulphite, and Na-sulphate. However, the
rate of cathodic delamination of PPS for the PPS/Zn+Ph system was considerably
lower than that for the PPS5/steel system.

Baced upon this information, additional work to continue its development
is needed. Topics requiring addicional work are as follows: 1) steel surface
preparation requirements for achieving a rapid deposition of Zn+Ph crystals,
2) the application of Zn+Ph to galvanized steel surfaces, and 3} an evaluation
of other high-temperature performance polymers such as polyimide,
polybenzimidazole and polyphenyletheretherketone, as a topcoating material for
ZnePh.

2. Synthesis of Pre-Ceramic Polymetallosiloxane Coating Films

Inorganic amorphous polymetallosiloxane, PMS, can be synthesized through
hydrolysis-polycondensation-pyrolysis reactions of sol-precursor solution sys-
tems consisting of N-[3-(ctriethoxysilyl) propyl]-4,5-dihydroimidazcle (TSPI)
and M{0OC4H;), (M: Zr, Ti and Al, n: 3 or 4) as a film-forming reagent, HCl as
a hydrolysis catalyst, and CH,CH and water as a liquor medium. During this
study of corrosion-protective thin films for low melting peint aluminum sub-
strates, the following seven items could be conclusively generalized as the
major physico-chemical factors governing the film-forming behavior of PMS
under the sol precursor (253°C) - sintering (150°C) - annealing (350°C) pro-
cesses:

1} During the sol-film forming stage, adding HCl to the mixtures of TSPL
and M{0OGC,H,}, induces che formacion of hydroxylated metals, the Cl-
substituted end groups in the monomeric organosilane, and the separa-
tion of imidazole derivatives from TSPI.

2) In the sintering process of sol films at 150°C, the formation of
metal oxide polyorganosiloxane bond formed by the dechlorinating
reaction between the Cl attached to propyl carbon in organosilane and
the proton in the hydroxylated Zr or Ti compounds, played an impor-
tant role in weight loss of the film.

3) Referring te 2}, the AL hydroxide, derived from Al(OC.H,}, in which
the trivalent ion is the principal oxidation state, preferentially
reacts with hydroxylated organosilane to form the Al-0-Si linkage at
a low temperature, However, this linkage was broken when the
sintered film was annealed at 350°C, thereby creating large stress
cracks and a high weight loss of the film.



43y The pyrolysis of Ti and Zr oxides-incorporated polyorganosiloxane
compounds led to the formation of Ti and Zr oxides-crosslinked with
polysiloxane, while also eliminating carbonaceous groups and Cl
compounds from the sintered materials. These crosslinked network
structures served to minimize the development of stress cracks in the
films pyrolyzed at 330°C.

5) Although a certain amount of crystalline anatase particles were
present in the amorphous polytitanosiloxane (£TS) coatings, the mod-
erate crosslinking effects of Ti oxides and the densification of the
M-0-5i linkage provided the most effective coating film in this
study.

6) The identification of covalent oxane bonds at the interfaces between
the PTS and the alkali-etched aluminum substrate illustrates the
possibility of strong adhesion forces.

7) Referring to 4), 5), and 6), the integrated assignments of these
factors were correlated directly to good corrosion resistance of
aluminum alloys in NaCl solutions.

All the information described above was obtained from experiments with
the sol precursor solution in the presence of acid catalysts. As described by
several investiators [18,19], the microstructure of the film can be altered by
varying the.rate of polymerization of sol particles; namely, the extent of
growth of the polymeric sel in an aqueous medium depended primarily on the pH
of the precursor soluticn. When acid-type catalysts were added to the
solution, the sol consisted of entagled linear polymers. By contrast, a
highly condensed sol consisting of randomly branched chains was prepared by

_incorperating base-type catalysts. Zerogel films derived from the acidic sol
precursor system had a continuous, dense microstructure, while the base-type
system results in the formation of globular structures consisting of
aggregations of randomly grown individual clusters. Therefore, additional
work will focus on an investigation of the characteristics of fractal PMS
cluster coating films derived from two-step, acid-base-catalyzed precursors
consisting of N-[3-(triethoxysilyl)propyl]-4,5-dihydroimidazole (TSPIL),
M{OR),, methanol, and water, over a broad pH range of 1.0 to 13.0.

3. Crystalline Polyphenyletheretherketone (PEEK)-Based Materials

When melt crystallized polyphenyletheretherketone (PEEK) thermoplastic
polymer was used as a high-temperature performance cementitious material, the
degree of crystallinicy of PEEK was dependent upon gaseous environment present
at the polymer melting temperature of > 340°C. Namely, a well-formed PEEK
crystal neat cement was assembled by melting-cooling processes in N, gas,
whereas the oxygen-catalyzed deformation of PEEK structures in air led to a
low rate of crystallinity, reflecting a poor thermal stability of cement.

With regard to the PEEK mortar specimens made by the same process of the
packed PEEK powder-silica sand mixtures at temperatures ranging from 400°C to
25°C, the microstructure of PEEK developed in the vicinity to the 5i0, sand
surfaces in N; was characterized by the growth of the crystals possessing
transcrystalline textures. The creation of such spherulites at the interfaces



may be due to the nucleation of crystalline PEEK by the 5i0,. No spherulitic
growths were found at the PEEK-5i0, interfaces prepared in air. As a resultc
of the formation of well-crystallized PEEK, mortar specimens not only have
excellent thermal and hydrothermal stabilities at temperatures up to 200°C,
but also maintain strength when exposed in 5 wt% H,50, at 80°C.

Considering that PEEK is currently utilized as a binder in high
performance fiber-reinforced polymer composites, additional work to formulate
composite systems will be directed towards, 1) crystallinity-related studies,
2) phase compositions, 3) adhesive mechanisms, and 4} microstructure
developments, within PEEK layers adjacent to the fibers.
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CHARACTERISTICS OF TRANSITION
METAL-ADSORBED ANHYDROUS ZINC
PHOSPHATE COATINGS AS CORROSION
BARRIERS FOR STEELS

T. Sugama
Brookhaven Nanonai Laboratory
Deparrment of Applied Science
Energy Efficiency and Conservation Division
Upton, New York 11973

J. Pak
Washingron College
Department of Chemisory
Chestertrown, Maryland 21620

ABSTRACT

In attempting to develop annydrous zinc phosphate (ZnPh) conversion ceatings
suteble for use with a high-temparature parformance pelyphenylene sulfide (PPS) topcoat,
the cheracteristics of Zn+h deposited by immarsing the steel in trensition Co, Ni, and Mn
cation-incorporated phospheting solutions were investigeted. Two important features for the
anhydrous 340°C-heated ZnPh were addressed. One waa to determine if the electron
trapping behavior of Co®* and Ni?* iona adsorbed in the crystai lattices acts to inhibit the
cathodic reaction on the Zn-h, and the second was to determine the less suscepiibiiity of
the a-Zn,(PO,), phase to alkali-induced dissciution. The formaer affects the lifetime of the
Zn+h layer as a barriar to corrosion of steal, and the latter raflects on the reduction of
cathadic delamination rate of tha PPS film from the a phase-steal substrate.

INTRODUCTION

Interfacial delamination will occur when organic topcoating svsiens, such as
polvimide, polyphenylene sulfide, and polyquinoxalines, are applied directly to
crystalline zinc phosphate (Zn-Ph) hydrate conversion coatings on steel. During
treatment of the topcoat with high temperature to form a solid polvmer film.
separation is brought about by the dehydrauon of hydrous Zn-Ph crvstals. On the
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assumption that such a failure may occur at the polymer-ZnPh interface. our
previous work (1) focused on the effects of anhydrous Zn-Ph phases induced
through a preheating-dehydratton treatment, before depositing the topcoats. The

phase transition versus temperature kinetics for the thermal dehydration of zinc
orthophosphate dihydrate (Zn,(PO,),2H,0) processes are as foilows:

300°C 400°C
Zn,(P0O,),2H,0 —————> a-Zny(PQ,), > - Zny(PO,); ————>

300°C
a-Zn,(PQ), and »-Zny(PQ,); ————> y-Zny(POy), > a-Zny(PO,),

During the corrosion of iron and steel in a near neutral agueous environment.
the cathodic half reaction in terms of the oxygen reduction reaction, is H,O + % O,
+ 2e = 2 OH'. A shortcomtng of Zn-Ph coatings as a barrier to the corrosion ot
steel is that the hydroxyl ions generated by this cathodic reaction (2) induce

dissolution of 1the coating layers. A lower suscepiibility of Zn Ph to alkali dissolution
also minimizes cathodic delamination rates for polymeric topcoat fims. Thus, it was

very important in assessing anticorrosive coatings to estimate the extent of alkali

dissolution of Zn-Ph. We estimated this by comparing the rates of phosphorous
dissociation from the crystal layers after exposure to Q.1M NaOH solution. The

magnitude of susceptibility of hydrated and unhg)draled ZnPh phases to alkali-
induced dissolution was in the order of Zny(PO,),2H,0 > +Zn,(PO,), > a-

Zn,(PO,),. However, the formed y-Zn,(PQ,), phase was found to afford poor
protection because of the formatton of numerous microcracks on the crystal faces
caused by the a ——> y-phase transition at 500°C.

Qur experimental work was directed towards developing advanced anhvdrous

Zn-Ph conversion coatings which inhibit oxygen reduction reactions and minimize
alkali dissolution. Particular attention was given to the characteristics of Zn+h
modified with ionic and/or elemental cobalt and nickel atoms. These elements are

well-known inhibitors of the cathodic reaction of electrogalvanized sieel (3-6). The
mechanism of this inhibition of corrosion was described by Leidheiser (7) as being
due to the electron trapping reacttons, M** (M: Co and Ni) + 2¢° = M®, of such
atoms doped in the zinc oxide lattice. The M** ions favorably trap the electrons
evolved from the anodic reactton, Zn® - 2¢ ——> Zn°*", occurring at the
oxide/solution tinterface, thereby inhibiting the cathodic reaction. The samples
employed in these studies were prepared by dipping gaivanized steel into an aqueous
solution containing Co and Ni ions.

In our study, a different process was used to incorporate the metallic elements

into an anhydrous Zn+Ph layer. We introduced the Co and Ni atoms into the crystal
surface and/or layer simultaneously while the embryonic Zn-Ph crvstals were growing
on the steel surtace. Hence, the sampies were made Dy immersing the steel into the

zine phosphating solution containing Co and Ni ions at 80°C. For comparison with
these atoms, two Other elements, manganese and calcium, were evaluated.

Cathodic delamination studies of high temperature-cured polyphenviene suitide
(PPS) - ¢oated anhydrous Zn-Ph specimens were also performed 1o delineate the
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role of the phase composition of anhydrous Zn-Ph in reducing the delamination
rates of PPS topcoat from the Zn+h.

EXPERIMENTAL

Materials

The metal substrate used was AISI 1010 cold-rolled steei supplied by the
Denman and Davis Co. The steel contained 0.08-0.13 wt9% C, 0.30-0.60 wt% Mn, 0.04
wi%% P, and 0.05 wt% S. The unmodified zinc phosphating liquid used consisted of
1.3 wt% zinc orthophosphate dihydrate (Zn,(PO),-2H,0), 2.7 wi% H,PO,, and $6.0
wt% water. In the modification of this standard formuiation, four metal nitrate
hydrates, Co(NO,),6H,0, Ni(NO,), 6H,0, Mn(NQG,),<4H,0, and Ca(NGC,),<H,O,
supplied by Aldrich Chemical Company, Inc, were employed as a source of ionic
and/or elemental Co, Ni, Mn, and Ca atoms. These metal compounds were added to
the phosphating solution at a concentration of .1.0% by weight of the mass of the
solution, and then stirred until they were compietely dissolved.

Poiyphenylene sulfide (PPS), supplied by the Phillips 66 Company, was used as
a high-temperature performance polymer topcoat. The "as-received” PPS was a finely
divided, tan-colored powder having a low molecular weight and high melt-flow, with

a melting point of 283°C. The PPS polymer film was deposited on the dehydrated
Zn-Ph surtaces in the following way. First, the Zn-Ph-coated steel was diP ed into
a PPS slurry consisting of 45 wit% PPS and 55 wt% isopropyl aicchol at 25°C. The
coated specimens were preheated in an oven at 300°C for 3 hr, and then cured at
350°C for 2 hr.

in preparing the sample, the steel surfaces were wiped with acetone-soaked
tissues to remove any mill oill contaminating the surface. The steel then was
immersed for up to 30 min in the modified and unmodified conversion solutions
described above at a temperature of 80°C for 30 min.

Measurements

The Zn-Ph-coated steel surfaces were examined with scannir:g electron micros-
copy (SEM) having an energy-dispersion X-ray spectrometry (EDX) attachment. The

Zn-Ph crystal layers deposited on the steel surfaces scraped off to study the phase
transition. They were then ground to a size of 3 mesh (0.044 mm) for

thermogravimetric analysis (TGA), infrared (IR) spectroscopy, and x-rav powder
diffraction (XRD).

X-ray photoelectron spectroscopy (XPS) was used to identify the chemical states
and elementai compositions at the outermost surface site of tonic and/or ¢lemental

metals-incorporated Zn-Ph layers. The spectrometer was a V.G. Scientific ESCA 3
MK T using Ka X-rays. The vacuum 1n the apalvzer chamber of the instrument was
maintained at 10” Torr throughout the experiments.
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Corrosion measurements were made in an EG & G Princeton Applied Research
Model 362-1. The specimen was mounted in a holder and then inserted into a EG
& G Model K47 electrochemical cell. The tesis were conducted in the gerated 0.5M
NacCl solution at 25°C, and the exposed surface area of the specimens was 1.0 cm®,
The cathodic and anodic polarization curves were determined at a scan rate ¢f 0.5
mV/sec in the corrosion potential range of -1.2 to -0.3 volts.

The cathodic delamination tests for the PPS-coated anhydrous Zn-Ph specimens
were conducted in an air-covered 0.5M NaCl solution, using an applied potential of -

1.5 volts vs SCE, for 3 days. This procedure is described in reference (8). A defect
of approximately | mm was made using a drill bit. After exposure, the specimens
were removed from the ceil and allowed to dry. The PPS coating was removed by
cutting, revealing a delaminated region, which appeared as a light gray area adjacent
to the defect.

RESULTS AND DISCUSSION

Microstructure and Phase Transition

Fig.1 shows SEM micrographs for crystalline Zn-Ph microstructure deposited
on steel substrates by immersing them into unmodified and modified zinc

phosphating solutions. A quantitative analysis can be made of any element which
exists at depths of several microns from the solid surface using the EDX spectrum
in conjunction with SEM inspection. In this case, we adopted an element ratio of
selected atom-to-Zn peak counts per 30 sec as a quantitative evaluation. The results
from these conversion coatings are shown in Table 1. The thickness of the conversion
coatings adhering to the substrates was determined using a surface profile measuring

svstem. These results also are shown in Table 1. A standard Zn-Ph coating (see
Fig.1-a) made with an unmodified solution is characterized by microstructure features

which indicate a topography of interlocking rectangular-shape crystals precipitated
on the steel. Compared with this, the crystal morphology resulting from the inclusion
of Co in the phosphating solution showed (see Fig.1-b) packed, plate-like crystals of

a size >~30 yum. The EDX data (see Table 1) for the Co-Zn-Ph system indicated an
Fe.t0-Zn ratio of 0.42, which was markedly !ower than that of the control. In con-

trast, the P-to-Zn ratios were similar. Since Fe can only originate from the stee!
substrate, it is possible that the presence of Co atoms at the beginning of crystal
growth controls the reiease of Fe ions from the steel surface.

The microstructure for the Ni system-derived conversion coating (Fig.l-c)
revealed a dense morphology of wide, plate-like crysials coexisting with small block-
type crystals. The P/Zn and Fe/Zn ratios were almost equal to those for the Co
system. A high Mn/Zn ratio of (.15 was detected for the Mn system-derived coating
(Table 1), thereby suggesting that an appreciable amount of Mn can be introduced
into the crystal. The SEM micrograph (d) for this system revealed an image
resembling that of the Co system. Aithough the daia are not presented in any of the
figures, the SEM morphology for the Ca-contaiming conversion coating was quite
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similar to that for the control. However,no indication of Ca was found in EDX
spectrumt.

=

'....-F-.«--_ -
iq..* -

-l'"ﬁa"" @

Figure |, SEM images for conversion coatings derived from unmodified (a), and
Co-(b), Ni-(c), and Mn-(d) modified zinc phosphating solutions.
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Based upon these results, we conclude that the magnitude of diffusion and migra-
tion of these transition metal species in the crystal layer is in the following order:
Mn=>Co>Ni.

The XRD data (Table 2) indicated that only two crystal phases were distin-
guishable; hopeite (Zn,(PO,),4H,0) (9), and zinc orthophosphate dihydrate
(Zny(PO,),2H,0) (10). There was no evidence for the presence of the transition
metal-related oxide, hydroxide, or phosphate compounds. The relative proportions
of the Zn,(PO,),4H,;0 to Zn(PO,),2H,Q are likely to depend upon the metallic
species added to the solution. Hence, the unmodified solution yields a phase compo-

sition consisting of dihydrate-based Zn-Ph as a major component and hopeite as a
minor one. When Co-, Ni-, and Mn- modified solutions are used, they seem to

promote the preferential precipitation of a single hopeite crystal layer. The data for
the Ca system suggested an almost equal proportion of dihydrate - to tetrahydrate -
based Zn-Ph phases.

From the above results and the EDX data, it is reasonable to conclude that the
metallic species embedded in the crystal layers are present as iomic and eiemental
metais, as well as colloidal oxides or hydroxides.

TGA curves for powder samples dried at 80°C are depicted in Fig.2. The
temperature of the onset of decomposition was obtained by finding the intersection

point of the two linear extrapolations. The curves for all of the samples indicate the

TABLE |
The thickness and EDX Quantitative. Analysis
for Unmodified and Modified
Zn-Ph Conversion Coating Surfaces

Thickness, Intensity Count Ratio,
System pm P/Zn Fe/Zn Co/Zn NiZn Mn/Zn Ca/dn
Zn-Ph 12.5 0.82 0.56 2 - - -
Co-Zn-Ph 175 0.84 0.42 008 - - .
Ni-Zn-Ph 21.8 0.87 0.40 . 0.03 - -
Mn-Zn-Ph 12.5 0.93 0.30 - - 0.15 -
Ca-ZnPh 175 0.81 1.21 ; ] )

presence of two thermal decomposition stages; the first occurs at a temperature

berween ~150° and ~180°C, and the second in the range from ~330° to ~340°C.
The first decomposilion stage is possibly associated with liberation of water

chemisorbed 1o the crystal faces, and the latter may be due to the removal of
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crystallized water. Above 340°C, the curves level off, implying that the conversion
from hyvdration to dehydration phases was essentially compieted. At 340°C, the total
weight loss for the control ZnPh was 9.1%; the Ca system-induced ZnPh exhibited
a similar value. Somewhat higher weight losses (~11.3%) were measured for the
other ZnPh systems. A possible interpretation for this finding is that the degree of
weight loss occurring during dehydration depends mainly on the number of
crystallized water molecules which react with free water to form hydrogen bonds.
This reflects the fact that the affinity of the hopeite phase, which contains four
crystallized H,O, for water is higher than that of the dihydrate-based Zn-Ph phase.
Thus, the major factors affecting the weight loss at tcmgeratures up 1o 340°C are:
1) the amount of water trapped by hydrogen bonding in the crystal layers, and 2) the

number of molecules of crystallized water.

[=]
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Figure 2. TGA curves of conversion coatings derived {rom the unmodified
(——--—)and Co (- ==~~~ ), Ni ( - —), M (——

S

Therefore, it is reasonable to assume that such dehydration of Zn-fh beneath
high-temperature PPS topcoat systems may lead (0 disbandment at the PPS/ Zn-Ph
interface, the extent of which may depend on the amount of crystallized water in the

Zn-Ph. The influence of Co, Ni, and Mn svstems-induced hopeite conversion
coatings on the magnitude of disbandment might be pgreater than that of
Zn,(PO,},2H,0 coatings derived {rom the Ca-modified and unmodified phosphating
solutions. Assuming that this concept is correct, interfacial disbandment can be
avoided by converting the hydrated conversion coatings into thermally stable
anhvdrous phases before depositing the PPS polymers.



234 SUGAMA AND PAK
Once again, XRD analyses were carried out to identify the phase present in the

dehydrated Zn-Ph after heating for 2 hr at 340°C. Table 2 summarizes the XRD
data. The samples consisted essentiaily of two anhydrous Zn-Ph components, « -

TABLE 2
XRD Phase Compositions and Transformations

for Unmodified and Modified Zn-Ph Conversion
Coatings at 80°C and 340°C

Phases present at 80°C Phases present at 340°C
System Major Minor Major Minor
ZnPh Zny(PO),2H,0  ZnyPO,),<4H,0  a-and y-Zn,(POL),
Co-Zo-Ph Zay(PO,),H.0 - 7-Z0y(PO,)> a-Zny(PO,)s
Ni-Zn-Ph Zny(PO,),4H,0 - a-Zny(PO,), 7-Zny(PO,);
Mn-ZnPh  Zng(PO,),<H,0 - y-Zny(PO ), a-Zny (PO}
Ca-ZnPh  Zny(PO,),4H,0 - a-and y-Zny(PO,),

and Z-n}(PO,’)z -ZHZO

phase and y-phase - Zn,(PO,),. No evidence was fourd for the presence of crvstalline
Co, Ni, Mn, and Ca compounds in these XRD tracings. For the control, the
anhydrous a- and y-phases are present as major components. The predominant
‘component for the Co- and Mn- Zn-Ph systems was the y-phase, suggesting that the
transformations to a- and y-phases are related to the original phases formed at 30°C.
Namely, the conversion of hopeite at 340°C to the y-phase rather than the a-phase
is favored, with the exception of the Ni-Zn-Ph system.

Carrosion Protection

To determine if metal atoms incorporated into anhydrous Zn Ph layers inhibit
cathodic reactions, we focused upon the chemical siates of 340°C-oxidized transition

metal species incorporated into anhydrous crystal lattices, and the chemical trans-
formation and conversion of the oxidized metal compounds aiter exposure to 0.1 M
NaOH. XPS was used to obtain the information. XPS high-resoiution spectra for the
COu,325 Ningya, and M, core levels of Co-, Ni- and Mn-incorporated Zn-Ph sample
surfaces were determined. Fig.3 shows data taken before and after exposure to the
NaOH. For the unexposed samples, the spectra for the Co sample has a major peak
at 782.7 ¢V which corresponds to the Co in the CoO (11,12) formed by the oxidation

of the Co atom during dehydration of Zn®h upon heating in air at 340°C. The
peak emerging at 356.7 eV for the Ni sample reveals the presence of nickel oxide

(NiQ) (13,14). The formation of pyrolusite (MnO,) at the surface of the oxidized Mn
sampte can be recognized by the main signal at 642.5 eV in the Mn,,,, region (14).
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Figure 3.  XPS high-resolution spectra in Co.p3/2, Ni,p3/2. and Mn,p3/2 regions

for transition metals-adsorbed Zn-Ph surfaces before ) and after
{....) exposure to NaOH.

After exposure to NaOH, no pronounced peaks were found. This finding implies

that Co and Ni atoms precipitate on the outermost surface sites of the Zn-Ph lavers,
but do not diffuse into the layers. Therefore, NaOH-induced dissolution ot the

coating surfaces completely ¢liminates these atoms. In contrast, the specirum from
the sample containing Mn atoms, the most diffusible ionic species used, clearly shows
a conspicuous signal intensity at the BE position of 642.1 eV that may be due to the
formation of manganate hvdroxides (MnO(OH) and Mn(OH),) induced bv alkali-
catalyzed hydrolysis of MnO, (13).

Fig.4 shows typical cathodic polarization curves of log current density versus

potential for the metal oxides-adsorbed and unabsorbed Zn-Ph anhvdride sampies
tn an aerated 0.5M NaCl solution. Comparison with the curve for the unadsorbed

Zn-Ph sample, shows that the current density for the CoO-adsorbed Zn-Ph sample
in the potential region between the - L1 and -(19 V was significantly less. The next

lowest current density for the same potenual region was obtained from coatings
contamning Ni oxides in the crystal fattices, [n contrast, MnQ, existing on the Zn-Ph
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surface seems to piay no roie in shifting the current density to a lower value. Since
the lower current density is attributed to a lower hydrogen reaction, this result
confirms that the oxygen reduction reaction, H,O + % O, + 2e” = 2 OH,, of the
Zn-Ph-coated steel, was inhibited by incorporating CoO, and NiO into the Zn-Ph.

An important question that remains is which one of two Zn,(PO,), phases, a and

v, is less susceptible to alkali-induced dissolution. To address this question, metal
oxide-incorporated and unincorporated Zn-Ph samples were exposed to 0.1M NaOH
for up to 48 hrs. The weight loss caused by the alkali dissolution of Zn-Ph was
measured as a function of the exposure times. The results from these samples are
summarized in Table 3. The weight loss is greater when the y-Zn,(PO,), phase is

present as major crystal component, clearly showing that the y-phase is considerably
more susceptible to alkali dissolution, compared to the a-phase.

These results were related directly 10 the rates of cathodic delamination of PPS

topcoat films from the Zn-Ph-deposited steeis. The cathodic delamination tests for
the PPS-coated Zn-Ph specimens were conducted in an air-covered 0.5M Nacl solu-
uon using an applied potential of -1.5 Volis vs SCE for 3 days. A 1 mm defect was

made using a drill bit.

These test resulls are reported in Table 4. As expected, the PPS-10-Co- and Mn-
Zn+Ph joint systems exhibited rapid delamination upon exposure, because of the
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high degree of NaOH- induced dissolution of the y-Zn,(PQ,), phase. In comparison.

a markedly less PPS-delamination was observed with the Ni-, and Ca-Zn-*h. and
control conversion coatings containing a-Zny(PO,), as the major phase. For instance,

the detaminated area of PPS film from the unmodified Zn-Ph was only 0.03 mm®,
compared with 2.54 mm® for the PPS-t0-y phase joint systems.

TABLE 3
Effect of Anhydrous Crystal Phase on the

Decrease in Weight Loss of ZnPh Caused by
NaQH-induced Dissolution

Phase
Svstem Major Minor

Weight Loss, %
I hr 5 hr 24 hr 43 hr

ZnPh «- and y- -
Zny(PQ,),

Co-Zn-Ph  y-Zn,(PO,), a-Zny(PO,),
Ni-ZnPh  a-ZayPOJ;  y-Zny(PO,
Mn-ZaPh y-Zn PO,  a-Za PO,

Ca-Zn-Ph  «- and y- -
Zo (PO,

0.060 0.164 0206 0.221

0.066 0.189 0.234 0.257
0061 0152 0175 0.197
0066 0.187 0233 0255

0.060 0.160 0200 0217

: TABLE 4
Comparison Berween the Cathodically Delaminated Areas of

PPS/Unmedified ZnPh and/Modified Zn-Ph Interfaces
After Exposure to 0.5M NacCl Solution for 3 Days

System Delaminated
PPS Area, mm-”
Zn-Ph 0.03
Co-ZnPh 2.54
Ni-Zn+Ph 0.13
Mn-Za-Ph 2.54
Ca-Zn$h 0.03
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CONCLUSIONS

We investigated characteristics of dehvdrated Zn+Ph crystal conversion coatings
suitable for the application of high-temperature performance PPS polymer topcoats.

The results led us to the following conclusions.

L. The dissolution of a certain amount of Co, Ni and Mn nitrate hydrates in the
zinc phosphating solution results in the preferential precipitation of a hopeite
phase (Zn,(PO,);<4H,0) on the steel’s surface at 30°C.

2. The magnitude of diffusion and migration of transition ionic and elemental
metals in the Zn-Ph crystal [attices was in the order Mn>Co>Ni.

3. Referring to 1), the addition of Ca nitrate hydrate resujted in the presence of
mix phases of both zinc orthophosphate dihydrate (Zn,(PO,),2H.O) and
hopeite, the same as those derived from the unmodified phosphating solution.
However, there was no evidence of adsorption of Ca atoms on the crystal lat-
tices. :

4. During thermal dehydration at 340°C, the hopeite - y-Zn,(PO,), phase
transition predominates in all but the Ni- incorporated hopeite. In contrast, the
Zn,(PO,),2H,0 was preferentially converted into the a-Zn,(PO,), phase.

5. The oxidized chemical states of Co, Ni, and Mn atoms on the surface of 340°C-
heated Zn-Ph anhydride were identified as CoQO, NiQO, and MnO..

6. The electron trapping behavior of Co** and Ni** jons dissociated from the metal

oxide compounds in NaCl solution inhibits the cathodic reaction on the Zn-Ph
surface. thereby extending the lifetime of the Zn-Ph which provides protection
against corrosion to sieels.

7. The degree of alkali dissolution of the @-Zn,(PO,), phase was considerably lower

than that of the y-phase. This difference reflected directly on the minimized
cathodic deiamination rate of PPS film from the a-phase steel substrates.
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Influence of the high temperature treatment of
zinc phosphate conversion coatings on the
corrosion protection of steel

T.5UGAMA, L. E. KUKACKA, N. CARCIELLO. J. B. WARREN
Process Sciences Division, Department of Applied Science, Brookhaven National Laboratory.

Upton., New York 11973 USA

An anhydrous x-Zn5(P0,}, phase converted by the dehydration of hydrous zinc phosphate,
Zn, (PO, ), 2H,0, crystal coatings in air at a temperature of approximately 300 C. significantly
enhances the corrosion resistance of steel, and also reduces the susceptibility of the crystals to
alkaline dissolution. A subsequent «— phase transiticn at approximately 500 C results in a
poor protection behaviour, because of the formation of numerous microcracks on the crystal

faces.

1. Introduction

Earlier work at Brookhaven National Lahorawory
(BNL) indicated that crystalline conversion coatings
deposited on steel surfuces through a disseiution-re-
crystailization process of the original ane ortho-
phosphate dihvdrate [Zn,(PQy},-2H. 07 not only
cnhance the corrosion protection of steel. but aiso
suenificantly improve the adherence propertics 1o
organic topeoutings [ 1. 21 The major phase in the
imsoluble conversion coatings. which 1s responsihle for
©othese improvements. was dentiticd (o be the sune
Zny PO L), 2HLO 1 Zn Phy us thut used as a converts
ible material.

From the viewpoint of ervsial molecudar striclure,
sinve Zn Ph Levers connan a certinn amount ol crys-
tallized wuter. it should be considercd thut when
thermal barner organic topeoat sysiems such as poly-
imide [3]. polybenamiduzoles [4]. polyquinoxalines
[51, and polyphenylene sulphide [6]. are appiicd di-
reetly to the Zn- Ph surfuce. high-temperature treut-
ment ol the topeoats to form solid polymer lilms will
lead o nterfucial dishondment and  sepuration
brought aboeul by the dehyvdrution of the Zns Ph. This
Talare s associated with the Tormation of wiik
houndary lavers. resulling in poor corrosion pro-
lection, 1t s very important, therefore, 1o gain Tunda-
mental knowledge remtrding the thermal degradation
and behavionr ol Zn: Ph, prior to studvimg the inter-
frciul chemical natnre hetween the high-temperature
performinee polvmers and the crvstilline Zn- Ph As
alrcady reported by Kojine o al [ 7] the phuase
fransition of hopate. Zn (PO 40.00 with e
credsed lemperiture i oilrogen was, ocenrs tirough
the following processes
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These awthors also ndicated that a sirmlar phase
trunsition was observed in hot air,

The aim of the present study was. therefore. to
determine the correlution between the phase trans-
ition or conformation of the Zn,(PQ, ), 2H,0 phase,
us a funetion of temperature, and to understand how
the thermallv transformed phuses protect steel from
corrosion. In order to obtain this informaiion. Zn+Phs
precipitated on steel were exposed 10 air al temper-
ateres up 1o 500" C. Electrochemical iesting ol the
converied phuses was ther conducted to provide dara
on the corrosion protection. Since cathodic delanmina-
ton oceurring i polvmer-conversion coating nter-
Frees s due muinly 1w wlkaline dissalution ol the
phosphate coating {8} the exient of dissoluton was
also irvestigated. This was accomplished alter souking
the dilferent ervsial phases in i 0.1 v NiOH solution
w25 C

2. Experimental procedure

2.1. Materials

The mennl substruwe used was a high steength cold-
rolled sheer steel supplhied by 1the Bethlehem Steci
Corporation. The  sieel conimned D06 wi "y O
G.owt Pu M 06wl "y Sk and 007wt *a P The formau-
kision Tor the zine phosplating hgud used s
orthophospate
difveelmate, Zoowr a HL PO and 90 0wl waner

sindy consisted ot Liwr ™y g

The Znes Phocanversion coatimes were prepirred
secerdanee warh the tollowme segnence. As the st
stepin the prepariion, the sicel sorface was wiped
with acctone-saihed  Ussies 1o remove any surbee
contmmmation due 1o nufl ol The sieel wuas 1hen
immersed Tor up e 200min i the conversion solution
lemperatire o 80 C Alier
mnuerston, the surfuce was nsed with water, and
then dricd inan oven ac 60 C Tor 30 min.

desceribed abosve ul
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2.2. Measurements
In order Lo study the phase transition and conversion
ol Zn~Ph coatings as a function ol temperature up to
30 Cin air. the Zn' Ph crvsial lavers deposited on
the steel surfaces were removed by scraping. They
were then ground to a size of 225 mesh 10.044 mmt for
use in analvses performed wsing the combined tech-
nigues of thermogruvimetric analvsis (ITGA) coupled
with dilferential thermal anaivsis tOTALL indrared (1R}
speetroscopy. and X-ray powder ditfTruconon (XRD).
The clectrochemical testing [or data on corrosion
was performed with an EG & C Princeton Applied
Rescarch Model 362-1 Corrosion Measurement Sys-
tem. The electrolyte was a 03w sodium chlonde
slution made from distilled water und reagent grade
salt. The spectmen was mounted in u helder and then
inserted into a EG & G Model K47 clectrochemical
The  tests eonducted  in o the  aerated
0.3 v NaCl selutien at 25 Cand the exposed surlace
areg ol the specimens was LU em=. The cathodic and
anodie polinzaoan curves were determined at a scan
rate ol WA mVsee !
— 12wy
Alterutions 1o the surlace micratspography images
and the changes in surtuce chemical components ol the
heuat-treated Zn» Ph coanings belore and alter cxposure
to a 0.1 v NaOH solution for | hr, were explored
using AMR [0 nm scanming electron microscopy
ISEM) associated with TIN-2000 energy-dispersion
X-ruy spectrometry (EDX).

cell. WTE

in the corrosion potential runge

ol

3. Results and discussion
Fig. T shows typeal TGA DTA curves fara powdered
Zn: Phsample alter drying at 60 C lor 24 b The curve

indicates that heating to 170 -C results m a weight loss
of approximutely 4%. Based upon the broud endo-
thermic peak on the DTA curve at the same tcmper-
ature, the weight loss 3 likelv 10 be due to the removai
of evaporable water such as free water and water
adserbed on the crystal. The curve also dlustrates o
manilestation of the kinetws ol the chmination of non-
cvaparable water upon heating the Zn-Ph com-
pounds. The reduction in weight ol approximatai
8% which occurs over the temperature range 170 1o
3500 C s probably associated with the hiberation ol
crystallized water exishing in the Zn- Ph compounds.
and this loss appears to be related directiy to the
prominent DTA endothermal peak al 343 €. Bevond
approximately 400 C, the weight loss curve seems Lo
level olT, thereby suggesting Lhat the conversion ol the
hvdrous Zn-Ph compeund into an anhvdrous one 1s
completed at upproximately that temperature.

In uddition to the TGA- DTA xtudies. iR and XRD
anialvses were alse performed, and these data ure
shownin Figs 2 and 3 respectivelv, An estimine of v
rite of liberation ol crestallized water from the Zn- Ph
compounds as a lunction ol temperiature, wis made by
plotting the vanauons in IR absorbunce with termper-
ature at o Irequency ol 1610 cm ™' which reveals the
H-0O -H bending vibration ol water ol crystaihzation
(see Fig. 2 As is evident [rom the absorbance against
temperature curve, the absorbance decreased rapidly
upon heating to 300 C and bevend this temperature,
levelled off. This sugpests that te a large extent. the
dehydration of Zn-Ph oceurs in air at temperatures
less than 300 C In fact. the XRD pattern (see Fig. 3
W0 C) for the diffruction range 0.256 to .37 nm.
clearly indicates  the  Tormation  of  anhvdrous
2-Zn PO, a5 the magor phase and anhvdrous
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-7 PO, ) as a minor phase. All of XRD lines lor
samples treated at temperature < 200 -C are associ-
ated with the original Zn,(PO,);-2H,0O phase. This
implies that the conversion into the anhvdrous phases
occurs at 4 temperature ranging [rom 200 to 300 C.
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OI L L 1
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Temperature [9C)

Fignre 2 Chunges in IR absorbance of H-O-H at 1610 ¢m !
functon ol lemperature for zine phosphate ceanngs deposued on
stcel surfuces,

HEIH

As indicated by the presence ol 1 weak diffraction line
at 0.293 nm which uscribes to the hvdrous Zn-Ph
compounds. the hydrous — anhydrous conversion
wus not. however, complete at 300°C. This line disap-
peured when the sam ple was oven-heated at 400 C [or
Th. At 500 C, the tracing indicates the growth ol line
intensities at 0.279 and 0.343 nm, and weak peaks at
0.307. 0.315. and 0.360 nm. Since the lormer two 10~
tense lines represent the presence ol a relatively lurae
amaount of — 7Zin,(PO,),. it appeurs that heat treat-
ment at 500 C promotes % — v phase transition pro-
cesses. Based upon the ubove information. a summary
of the phase transition of Zn (PO, ),  2H,O at temper-
atures up 1o 300 C is given in Tahle |. The resulung
phase transitions are quite different from those ob-
laned during an earlier study by Kojima [7] of the
thermul detlerioration of hopeite, 7Zn, PO ), 4H.O.
While the former undergoes Ihe [ollowing conversion
processes at relatively low temperatures. up 1o 500 C:
Zn, (PO, 2H O — «4-Zn | PO,), — -Z1,(PO,)..
the ¥ phuse derived (rom hopeite s translormed 1o tite
B phase rather than the v phase.

Eicctrochemical corrosion tests were performed (o
investigate how the various conversion phases affect
the ahiity ol the crystai coatings to protect the sieel
(rom corrosioen. This protective ability was estimated
by making comparisons between the corrosion poten-
tial. E,,. values obtained [rom the potential axis at
the transition peint from the cathodic to anodic sites
on the electrochemical polarization curves. As sum-
marized in Table [. no appreciable changes in the £
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TABLE | Phuse chunues (n conversion qoiting with £,

Temperalnre  Phise ER—
RS 1Vl
Major Minar

L b, H.0 — 0373
T FATE LS IR SN —n3na
Ay 12, PO S ENLPO — 82
a0 wednd 2 PO — 11610
REN 2P, v Zaa PO, — 63T

Ui aeraded DU s Nal solonon,

vitlues tor sumples treated ut temperaturcs up (o
0 C owere observed. A shift in E, to a more
negnive site aceurred when the simples were buked ut

400 C. thereby indicating that the hvbrid lavers of

2o PO and vZn (PO, ), huve less corrosian
resistanve, A further inerense in the treatment temper-
ature o 3K C resulted inoa signilicam reduction in
Fooer- Thus o was lound that the corrosion-protective
ahiliy of the Zne Pholavers iy dependent upon Lhe
extent of the conversion [ram the 2 phase 1o the
+ophuse. har independent of the dehvdeition and
climmution of crystillized water in the Zn: Ph lavers
which occurs @l o twemperature of approximately
300 Cin air. The passible reason for the poor pro-
tective behavionr of the Zn: Ph Lyers comaining the v
phase is the increased porosity of the ervstal luyers,
This can be seenin the SEM imuges shown in Fig. 4,
Numeiy. the SEM micrograph at the botiom of the
Ogure which 15 of o 300 C-treated sample surface
indicates the presence of numerous microcracks on
the crystal Lwes, Fig 4 also gives the results of cle-
mental miensity connt rintos for ron or phosphorns
to zine atoms obtnmed hy EDX gquaniitative inal vaes.
These results show that the P Zn ratio decreases wih
meredsed tempersiture and that no sizmiheant chunges
occur i the Feo Zn rato ot wmpergtures up te 300 C
Thiy implics that same of the phospharas atoms are
chrmnated as o resalt of heating i air.

Fig. 3 shows SEM micrographs and iweompanving
EDX clevaentad analyses for the heut-treated simnples
alterexposure o b v NaOH solutuon fae T h From
the viewpoint of surlace wpographies, the SEM image
for the cxposed 1) Cosumples reveals o random
distribnuon of roundish migrocevstals. The alieration
o roundish shape Trom the original angnlar shape
appuitrs 1o be due o dissolntion of the ervsaal caused
by the uninck of the NaOH solution. In connection
with this, the EDX P Zn oratio was redneed sizmlic-
untlv frome rhat ol the correspondimg unexpised
saniple (see e 40 100 Cpo e s elear that o farge
amonnt ol plinsphate was removed by che alkaline
dissolunon ol the Zus Py ervsals I caniesist, the
e Anorane claniged ey Tiale,

he extent of the athahne dissplunon ol the Ance 1)
waty be estimated Trom the ameant of rednetion my 1he
P ratios s detemuned by compansons ol the
DN quantitanve data Ter samples befare aned aler
Alteniion iven to the
chamees m the P Znr rana ol the ssomples as o lunchon
ol temperatnre. Thie vesadlting BN data mdwsite thal

CRPUSLC, wars,  therelore,
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[N

sorliees Latler expasure 1o Ea Ma O Tee hee L
vl WEE O ey M ¢

I'lement Aler crpanure T SadOH e vagin S
[N MH) UMD |

l1om Y| e sl

Fans | v 11K1 1441

Pliospinorins (s e [IEN

treslment [Tewever, i

SR O the 1P 70 munos Tor samples belare omd alter

HICTU A 1N Lenperalnre,

cypusitie were esseitindly the sanrel thereby saggestng
that 7 phase nch crysial Tivers are less suscepnible o

alkaline dissolution. Thus. the magnitude of alkuline dis-
solutton for the Zn- Ph compounds seems Lo be in
the order ol ZuyPO,}. 2H,0O > 2-Zn,1PO.), =
I POy ).

Polunzittion curves for J00. 300 and 300 C lreated
samples after exposure 1o a 1w NaOH solution lor
1h are given in Fig. 6. The shupe of the cures
represents the trunsition lrom cuthodic polanzaton .
the onsel ol the most neganhve potential (o 1he anodic
polurization curves at the end of the lower neguine
potential. The potential uxis 4l the trunsibion poinl
from citthodic 1o anodic curves is normalized as the
corrosion potential, E .. These poiurizanon behusi-
ours were delermined in an uaerated 0.3 a NuCl
solution a 25 C. Comparisons of the cathodic polar-
tzation ureas lor the 30K and ) C treanted sumpies
with that Tor the 100 € trealed sample indicated the
lollowing: (11 at 300 C rthe short-term steudyv-state
current value in the potential region between — 1
and - 1.1V s considerubly higher, 23 heut dreanmeni
ar MW Coshufts the £, ta d mare positive <ite and
deereases the current density a1 the potentiai aae and
i) reanment b S000 C decreases B, and enhances
the current density in the vicinity of £ Althougn

fLar
the 300 C treuted Zn - Ph s less susceptible to alkaline
dissolution, the gher current density (observation 1hy
above) iy indicutive of high oxvgen reduction kinetics
which occur under the coating, The reason for this
enhunced oxvgen reduction reaction, H.O + 10,
+ ¢ = 20H ",inan aerated NuCl solution mav be
due 1o the increased porosity of the coating cuused by
the % — ¥ phase transitions during heating at 300 .
therchy resulling in o poor protective performance. 'n
addition, a couting exhibiting 2 poor protective niiure
would be expected to display a iower B, and 2
higber current densiiy. This s in agreement with
observation (3, With regards o observation (21 the
conversion Toan aahydrous 7 phase at 300 C viedds
mare stabbe laver and inhibies the oxvaen redncnon
reaction. [Cappears that this relates directly wirth ihe
low-rale ol aikaline dissolunon.

4. Conclusions
The wiler of erystallization i the Znd POy, - 2HLO
major phase of Zne Phoconversion eoutings deposied
ot steed surfaces threngh dissolution reerastaliizanon
processes using Ane arthaphosphale dibvdrate pow-
ders s climminted by heating inair at tempeniure
between IO and SO0 CThe Kineties Tor the therman
dehivdration ol the hvdvous ervsial comngs

 re-
Lied directdy o the followmg phase tansinen i
tentperitures np o SO0

LTINS
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When the corrosion-protective ability of these conver-
sion phises was stedied, it wis determined  that
avnhsdrous ¥ phase-nich crvstal lavers vielded at
300 C ohad the same protective abihity as hvdroos
canversion couatings. Heai treatment at 300 C as a
meins ol producing ¢ phase-rnch coatings, however.
fed 1o o poar protectve behaviour, This wis due 1o an
increase i the aumber of microcracks on the crystul
fuces caused by « — v phase irunsition. This suggests
that the corrosion-protective ability ol Zn-Ph lavers
al high temperatures is dependent on the extent of the
conversion [rom #x to ¥ phases, but independent of the
dehydration and elimination of ervstailized water
the Zn*Ph lavers.

The unhyvdrous 7 and 7 phases were also found 1o he
less susceptible 10 alhaline dissolution of Zn Ph crvs-
tals, thereby resulting i a lower re of phosphorus
dissocsiion from the ervstal layvers. The microerack-
free x phase lavers ar 300 C viglded the best pro-
lection pertormunee far the ervssib-covergd steel svs-
tems npon exposure s NaOH solution,
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Ahstruct

The incorparation of cobal( (Co® ") und nickel (Ni*7) {ons in a polviaervhicjicid (ptAAN -modilied ane phosphate
solution promeled the growth and Jevelopment ¢f erysinlline zine phosphite (Zn- Ph) conversion coanngs deposined
on steel surfaces, This enhuncement wus due primarily o the prefereanal uptake of Co™” and Ni*“ jons by
piAA), to form the Cu- and Ni-OOC- salt complexes, rather than compluxes with zing ions. The cleciron
Irapping behaviors of Co®™ and Ni** dissociated from the salt complexcs, and 1he hydroxides in the NaCl solulion
inhibited the calhodic reaction on Zn- Pb. In particular, the conversion coalings denved from the nickel-modified
phosphate solution were characterized by the formation of a couling cunsisting of hopeite as a major crystaf
phase, zinc orthophosphate dihydrate as a 1ninor phase, and an amorphous iron-rich phosphate phase; this coating
provided an extcnsive coverage over the stecl, which contributed 10 protecting it from corrosion.

I. Introduction

Zine phosphate {Zn- Ph) conversion contings, which
are prepared by ummersing steel substrates in a solution
of zine phasphane, have been widely applicd as corrosion
barricrs for stecl. Ay part of work to develop advanced
Zn - Ph coatings, our particnlar focus was placed on the
modifications ol Zn-Ph by incorporating the organic
polyclectrolyte macromolecule  containtng proton-do-
nating pendant groups, such as carboxylic and sulluric
acids [1-3]. Our data indicated that the segmental
chemisorption of function:l polyelectrolyte on gmall
phosphate crystals at the begianing ot the precipitation
aof Zn:Ph not oaly acts 10 array a uniformly packed
fine crystal mormphology hrought ahout by suppressing
and delaying crystal growth but ulso significantly ini-
proves the stitfness and ductility of the normally brittle
Zn-Ph layers. The major reasan {or these chunges was
associated with the formation of the carhoxylute of
sulfonate-linked zine complexes, consisting ot o charge-
wansterrmye hond anl polvelectrolvte-Zn - Ph fnterfices,
The most recent study [4] on the enhancement of the
corrusion-prolective ability ol nnmaditied Zn- Ph dem-
anstrated that the adsorption ol Co®' amd Ni*' jons
an the crvstad laces extends the durebility of Zir-Ph,
The reason Lar the extended durabilily was due primarily

2575972492755 Doy

10 the electron-trapping behavior of such onie speeics,
which inhibits the catbodic reaction on the nrevared
parts of the steel surfaces. Huwever, there were no
polvelectrolytes in the cohaldt amd nicke! ions incor-
porated in the zine pbasphate solutions.,

Accordingly, the emphasis of onr present studyv was
dirceted towards characterizing Zn- Ph derived  from
the cohalt and nmickel ton=zinc phosphate solutians con-
utining poly(acrylic)ucid (plAA))Y which is 2 puoivelece-
trolyte macromolecule species. The rescarch had the
{ollowing three vhiectives: (1) o explore the iptlucnce
of seemental chemisorption of p(AA). which will react
with cobult ond nickel ions adsorbed to Zn- Ph covstai
surfaces, on the development und crowth of crvstals
at the heginning of the precipitation of conversion
coating to the steel surface, (23 to mvestigate 1he erystal
phase us a1 function of cobult-to-nickel ratios and {3)
to ussess the ability of the finally assembled ervseai
favers 10 protect the steel aguinst corrasian,

20 Experimental detnils
21 Materials

The metal subsirate wsed was AISE 1010 cobd-railed
steel supplicd by the Demun and Buavis Co. The steel

i IR = Rlsevier Sequaia. Al zighis reserved



BIN 1 Sugeena B Brover | proddyomeodified Zn- Pl conversion coniings

contained D813 wt.% €, 1L30=h60 wt.% Mn, (104
wi'e P oand 00 w0 S0 The lormulation for the
unmodificd zine phosphute ‘iguid was L3 wi.% zine
arthaphosphate dibvdrate [Za (PO, 2H0L 2.7 wete
H:PO, and 9o wi % H.O. In modilving this standard
tormuliation, wo metad aitrite hvdrates, Co(NGOL)
6110 and NIUNO,L). 0HLO supptlicd by Aldrich Chem-
ical Comparny, Inc., and 25% p{AA) colioidal solution
nititingd from Rohm and Hass Company, were em-
ployed as a source of the onic cobalt and nickel atoms
and the polvetectrolvte. The concentrations of these
metal compounds and piAAY (motceular weight of about
ol 00Y added to the zine phosphate sotution were 1.0
and IL3 wt¥s ot the toral standard solution
respective v, Five different ratios of Co(NG.),-6H.O
1 NING,)-oH-O (100 ta 8, 75 to 25, 50 1o 50, 25
W 75 and 9 to 100 by weight) were used to compare
(heir protective etfects against vorrosion. Although uan
alkiline immersion or sprav is generallv aceepted to
clean the mentl surfuces, in this study the steel surtaces
were wiped with acetone-soaked tissues to remove any
surfice contamination from mill oil. The steel then was
immersed for up 10 20 min in these modified and
unmaodified conversion solutions at a temperature of
8N °C.

wi. T

22 Measuremienis

X-rav photoclectron spectroscopy (XPS) was used
to wWenndy the chemical stites and clemental compo-
sitions it the outermost surtace site of the plAAY-Zn- Ph
lvers. The spectrometer ased was 2 V.G, Scicntifiv
CSCA MK 1 with an Al Kee (1480.6 ¢ V) Xeruy souree,
The surfaees ol conversion coatings were examined by
scanning clectron microscopy (SEM) with.an coergy-
dispersive X-ray spectrometry ( EDXSY attachment. The
Za - Pherystul layers were seraped Irom the steel surtaces
to study the phase compositions. They were then ground
to w size of 325 mesh (0.044 mm) tor X-ray powder
diffraction (XRD). Mecasurcments of corrosion were
made in an EGEG Princeton Applied Rescarch model
362-1 corrosion measurement system, The specimen
wus mounted in 2 holder and then inserted into an
EG&G model K47 clectrochiemical ecll. The tests were
conducted inoan acrated DS M NaClosolution at 25
*C. and the exposed surface aren of the speeimens was
LU em?. The cathodic polarization curves were deter-
mined at g scan mite of S mV s ' in the potentia
ranpge from — 1.2 0 —0.2 V.

3. Results and discussion

A Coateng favers foremed we the Induad periods of
Lo P comversion process

Tu vestigate the effect ol Co®' ) NIt and prAA)
adelitives on the promotinn of crvstal growth at (he

initial stage of Zn: Ph precipitation. the steel samples
were immiersed for only & oun and the conversion
products explored using XPS and SEM-EDXS. Table
[ summarizes the XPS duta on changes in the clemental
composition of the sample surface us o funcion of thw
Ca(NO)- - OHO-10-NI{NO )5 - 6H.O ratio, For ail the
simples, the principal clement vecupying the outermosi
sorface sites was oxygen, in the concentration ringe
43-55 at.%, and the second predominant clement was
carbon. corresponding to the hydrocarbon in p(AA)
chemisorbed and ditfused un the conversion product
surtages. By compurison with the elemental compaosition
of the controt sample. denoted as the 0-to-0 ratio. the
cobalt-modified sample (100 t0-0 rutio}) was character.
ized hy g conspicuous ingrease in the concentration af
zinc and phosphorus atoms. with 2 concomitant re-
duction in the content of iron atoms which s repre-
sentative of both the stee! substrate and the iron-hased
vonversion produgts. Sinee zine and phospharus aroms
dircctly reflect the predipitation of Zu-Ph oo the stee,
we helieve that the Co”” ions dissolved in the phos-
phating solution promote the precipitanon of Zn-Ph
crystals. The data further indicated that the zinc and
phosphorus concentrations tend to decrease gradually
as the cobalt-to-nickel ratio was lowered. In contrast.
the iron concentration inercascs with decreasing coball-
to-nickel ratio. The chemical states and compounds in
the conversion products of these samples were idenubied
fcom the deconvoluted curve of the kigh resplution
XPS spectea ol C Is. Ni 2p. P 2p and Fe 3p- - signals.
Toset useole inall tie XPS spectea, the binding enerey
{(BE} was calibrated with the C s ol the principal
hvdrocarbon-type carbon peak hxed at 2854 ¢V us an
internil reference standard. The resulting spectra are
shown in Figs. | and 2. Curves . b, ¢, d and ¢ cotrespond
to samples with ¢obalt-to-nickel ratos of O w 0. 1)
to &, S0 50, 25 10 75 and w0 100 respectively. In
the C s regions (sce Fig. 1) the spectrum of the
control sample (curve a) revenls the thice resolvable
Gauussian components at BE of 2831, 288.1 and 2889
e V. The main peak a1 285.0 ¢V as a principal componert
is attributable t the hydrocarbons in the main chain

TABLE [ Surface chemica]l compositims ot aamoeditied and of
cobult- and aickel-mendificd conversion coatngs a1 the Beginning
of precipitation of Zn-Ph

CotNOHWY - GEHE O 0. Concentotinm (a7
NN L6140, = - — - =

ratic I { [ Fe It
[AIRTYIN}) N} 207 ARNU < i~
o ¢ [ s hIWY B 1.
75w 25 1.7 25 M B o
St SN 10,9 RR ER i 401
1 100 1.7 LA RANQ L s
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Fig. 1. NP5 high resolutinn spectra in C 1s and Ni 2pa, regtons
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a) anel Zn- Phosamples with vanous cobali-to-nickel ratios (curve
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ot p(AA}., The peak emerging at 2881 ¢V in a high
BE arca can he uscribed to the carbon in the
-CO0 -Zn* - O0C- sait complex Tormation {3, 5],
and 2889 ¢V s due to carbon originating fraa the
carbaxylic ucid, COOH, 10 the p(AA) [6]. The spectra
lfor wll b the cabalt- and nickel-incorporated Zn-’h
sumpics show o slight shilt in the salt complex-related
peak tooa higher BE site compured to that of the
cantral, The assignments of the shilted peak at 284.4
¢V oappeuar 1o be <due ta the Co— and Ni=OQOC sult
complexes. In lnet, the O s core level (not shawn)

had a strong peak at 5314 eV, which was aseribed o
the lormation of COO-metul camplexes. This (inding
strungly suggested that the Minctional COOH zreaps
i othe plAA) preferentially rewct with the cubalt s
nickel 1ons 1o precipitate the salt complex. ruther i
reacting with the zine ions. The duta were foriher
supported by compurisons of the peitk arca ratio betweens
C(COO-Co and COO-Ni) ut 288.4 eV and Ci-CH.-)
at 285.0 eV. The resuiting ratios for the 100-to-0, 50-
to-50, 25-10-75 and 0-10-100 samples were (.28, 0.25,
0.23 and 0.19 respectively, therchby demonstrating that
the uptake of cobalt by COOH groups is much higher
than that of nickel. Thus the extent of reactivity nf
these metal luns with p(AA) appears o be in she
following order: cobalt > nickel 2 zine, We atfer nuinter-
pretation of the Co 2ps, peak in the BE ranging from
777 10 783 ¢V, huecause of the interlerence of the iron
Anger tine. The Ni 2p..; region (Fig. 13 tor the 25-r¢-
75 and -to-100 samples has o svmmetne signal peak
at 856.3 ¢V and o strony broad sarellite band (shown
by atrow | and arrow 2). According to Mclntvre and
Cook [7], this signal feature is associated with the nickel
in Ni(OHY.. In the P 2p core level spectra (sec Fig.
2), the curve for the control smwple reveals only o
single peak at 133.9 ¢V, reficeting the phosphorus in
the Zn: Ph precipitated pn the steel. The intensity of
this peak markedly increascd as the control solution
was modificd by Co™ © ions. Since such an intense pewk
represents the deposition ot a laree amount ot Zn- Ph.
it is clcar that cobalt ions have a sigmificant cliect on
the aceelerntion of crvstal growth and precipitatinn. %
possible interpretation for this aceelerutinn, taking inro
account the data from C Is spoctra, s that the pre!-
crentinl uptike of Co*7 jons by the peAAL mscro-
moleeule, rather than Zn® dons, leads 10 aumesus
free zine 1wns in the phosplite solutns. Hence, 1he
role that Zn=p{AA)Y complexed inrmations plav i con-
trolling o crystal growth and in arraying o dense mi-
crostructure of fine Zn-Ph crystals is mhibited by the
formution of Co-p{AA}sualt complexes. For the sampics
{sce P 2p, curve d) in which more than halt the cobait
wns were replaced by nickel fons. the signal feature
indieated the appearinee of o new compancnt at a low
BE site of 133.2 oV, although the prncipal hine ot
phosphorus in Zn - Phis snll present. The further prawth
of this ncw peak was obscrved in curve ¢ in which the
coburlt jons were completely replaced by nicke! ions,
T ascertuin the assignment of s additionn] line, s
investipated the IFe 2pyg, resion (Fies 23 The peak s
the position af 7112 ¢V oin the cantrol s referable o
the fron in the irnn oxide, Fedd, farming on the soe
surfuce of the steel {8]. By comparison, the Fe 2p

ctirve of the cobitlt-modilicd TOG-to-0 cutio sumgle is
distinetive, mimely i additionn] wenk Hoe ap 7049 ¢V,
scpuritle tram the main line, appears i the spectrum.
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Far 3 SEM und BIDXS spectra tor mickel-modilicd Za- Ph conversion coutings i the imdial precipisibon staees,
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The intensity of this new line drumaticaily incrcases
in proportion 1o the simount of mickel present. The
growing new peak at 7099 oV Tor smmples with a 25-
to-75 und O-10- {00 rato cventuallv become the principal
fine. Incontrast, the linc intensitv it 7112 eV, oniginating
trom the iron in Fe.O,, which s the main oxidized
compuonent of steel surtizees, 15 significantly reduced ug
the cobuit-to-nickel ratio decreases. [n conjunction with
an additional ling at 133.2 ¢V in the P 2p region, we
believe that the new peak emerging at 709.9 ¢V directly
reflects the formation of iron phosphates. From these
data. it is reasonabic to assume that incorporating
nickel fons into the p(AA)-modified zine phosphate
solution promotes the rate of conversion into the iren
phosphates precipitating on the Fe.O, lavers. However,
the precise phase of the precpitated iron phosphate
compoeunds s unclear.

Ficure 3 shows SEM micrographs coupled with EDXS
spectra for the ervstalline Zn-Ph microstructure de-
posited on steel substrtes alter mmersion for 3 min
in conteol solutions, and in cobalt-modificd zine phos-
phate solutions at 80 °C. At the sturt of Zn: FPh crystal
growth, a standard Zn- Ph coating (Fig. 3{A)), made
with the unmodificd solution, was characterized by an
irregulir precipitation of rectangutar-shaped plate ervs-
tals o the Fe.O, surfaces. As expected, the crvstal
morphology of conversion coatings derived trom cobalt-
modificd sofution cun be discoiminated from that of
the standard coatings: in the tormer (sce Fig. 3(B)),
we obscerved the prectpitation of large well-formed plite-
like crvstals over 20 wm i size. This change was duc
o the ¢ffect of cobalt ons causing an inereise in the
rite obf the Zn:Ph crvstal growth and development.
The particular microstroctural Teature of the nickel-
system-derived conversion coatings was a dense mor-
phojory with wide plate crvstils coexisting with small
block-type crystals (Fig. 4} The EDXS spectrum for
the large crystals (marked 1) s mdicative of the for-
matinn of Zn-Ph contaiming & large amount of iron

-~

and oosmatl amount of nicke!l, Locution 2, which 1s
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aoties A he begmmmg al precipitaimn ot Fn-Ph,

identical with an area not covered by crvstals, was also
inspected using EDXS. As is evident trom the spectrum
that contzins o sirong iron signal and weak phosphorus
signal, the arcas not covered with Zn- Ph deposits are
composed of an amorphous iron-rich phosphate tom-
pound superimposed on the Fe.Qy lavers. No nmickel
was [ound in arca 2, These results trom the microprobe
were in good agreement with the XPS analvses.
Figure 5 presents typical cathodie polanzation curves
of the logarithm of current density w5, potential f(or
the control sample and the t00-to-0. 30-to-30 and v-
to-100 rutio samples in an nerated (.5 M NuaCl solution,
By comparison with the curve for the control. the
striking charncteristics ot the cathodic curves for uli
the vobalt- and nickel-modified Zn-Ph samples are as
lotlows: (1) a0 considerable reduction in current densit
1 the potential region between =003 and -0sh V
and 2y a brge shuftin £, o less nerative potentids,
With reference to charactenstic (13, the indiciation
of low current density is attributed (o an inhibition ol
the cathodic reaction, particularly the oxvgen reduction
reactions H.Q+£0.+2e " =20H". Thus such o re-
action appeuars to be inhibited by incorporating the
cobult- and nickel-complexed p{AA) macromolecule
and c¢obalt and nickel hydroxides inta the Zn - Ph lavers.
The possible interpretation for this cathodic inhibition
mechanism is that, when the p(AA} salt complexes
containing ~-COO ~-M** -~ 00C- groups (M =Co and
Ni) and M(OH). in the conversion coutings conie in
contact with the NaCl solution, the sedinm ions promote
the breakage of the M—OOC bonds. The breakage couid
be sssociated with an fon substitution of M for Na {3
Henee the tree transition M7 jons solated rom the
preanic complex structure and dissociuted by the hiv-
drolysis of M hvdroxide compounds in NaCl solution
virtually stay in the erystal lavers. Simultincous!y. the
anodic renction Fe’—=2¢ = Fe’ 7, wlieh is divectly re-
luted to the corresion of steel may occur ar the
Zn-Ph-steel interfaces. On the assumption that this
reaction process is correct, the ¢lectrons Ze - generated
by the anodic reaction of ron in the steel will then
preferentially react with the M** ions. This reaction
can be deseribed as the clectron-trapping reaction 9]
M+ 2¢ =M" We helieve that such an clectron-
trapping behavior of Co® " and Ni7° lons contributes
to the extended lifetimes of Zn-Ph, which serves s o
corrousion barrier for the stecl, The enrves also indicate:d
that the etlfect of Cot
than thest of Nite
Chirncterestie {2) dicectly ceflects the degree of con -
eree of conversion eoatings en the entice steel surliee,

O eppEInge Getiviey s highey

mwnmely o pood coverioe providing o contimuous aon-

UG | [FTURR ] SRR TUNN

porads ctting corresponds o the /2
tewntive site. The conseaquent £ L ovstlues For the control,
FOU-10-0, 30-10=50 50ud 0-to- 100 simples were —{lon v,
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Fig. 6. XRD pauecrns for conveesion coutings derived {rom
vnmodified and from cobalt- aad nickel-maditicd zinc phosphate
solultons.

=057 V, —035 V and —-0.353 V respectively. Con-
sequently, the most eflective coverage of conversion
coatings. which provide corrosion protection of steel,
seem 1o be those prepared with nickel-madified phos-
phute sotutions, This linding strongly sugpest thit good
prolection periormance of CONVErsion couting systems
15 duc 10 two important tuctors: (1) a high degree ol

16238 BHL

Fig, 70 5EM-BDXS data ol wall-converted Zns Phocoatings derved Trom nicke - malilicd phosphare solution,

-

coverage by packed crvstal lavers consisting of large
and fine erystal particles und (2) the formution of
amerphous iron-rich phosphate compounds in the vi-
cinitv of Fe,O,.

3.2 Coating lavers formed (0 the wmiinal siages of he
CORVErSion process

Figure 6 tllustrates the XRD phasc compositions !
crystalline conversion coatings prepared by immersing
the steel for 20 min in the unmodified and modificd
phosphate sotutions at §0 *C. Only two crystal phuses
were distinguishable: zinge orthophosphate dihvdrace
(Zn-( PO, 2HL0) and hopeite (Zn.( PO, - 4H.O). In-
terestingly, the duta showed that the proportens of
single Zna(POL),- 2H.O lormution derived from the
control solution svstem (cobalt-to-nicke! rutio. U-to-h
tend to be replaced by hopeite tormation as the cobalt-
to-nicke! rutio was decreased. In fact, the mujor paase
for the nickel-<vstem-denived conversion couting 0-to-
100 ratio ) was wdentiid with hopeite. The sucrosiruc-
turih view ol well-converted erystal compounds tor the
nickel-modified Zn- Ph disclosed an interlocking to-
pography of growing crystals which unitormly covered
the steel surfaces (Fig. 7). The feuture of EDXS spec-
trum for u part ot the crystul denoted as site 3 was
almost the same as that of the crysials (sce spectrum
for site 1 in Fig. 4) formed ar the beginning of the
conversion process. All the findings were correlated
dircctly with the evaluation ot £, vatue for the con-
version coutings deposited on the steels after immersion
for 10 min and 20 min respectively. The variation
Lo 0F the sumples ws o tunction of cobult-te-nicke!
ratio is given in Fig. 8. The data clearly show that &,
increuses with w decreiasing ratio of cobult 10 nickel.
This inding suggested thin the degree of coverise by
Zn - Ph denved trom nicked-incorporated phosphaie so-

In
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Fle. 8 Vurianons in corrosion pofential vidue £, 25 a lunction
ut cabalt-to-nickel ratio far Zn- Phecovered steel samples prepared
by immersion lor [0 and 20 mn.

futivn s tugher than that from cobalt-incorporated
soluton. Also an immersion time of 20 min rather than
of H) min leads to o belter coverage of the couatinus,

4. Conclusions

The advanced Zn-Ph conversion coatings cun be
prepared by immersing the steel in the Co™ - and Ni -
wn-incorporated p(AA)-zine phosphate sotution sys-
tems. The formation of M** (M =Co and Ni)-p(AA)
salt  complexes  containing  ~COQ™-M~"" -~ 00C-
groups pluyed an important rele in aceelerating and
prometing the growth and development ot Zn- Ph crystal
lavers over the steeland also introduced the amorphous

iren-rich phosphate conversion layers in the vicinity of

Fe, 0 substrates. The electron-trapping behavior of the
M= ions dissociated from the complex lormations and
M hydroxides in the NaClsolution inhibited the cathodic
renction. In the finul stages of the conversion process,
the crystul phase of nickel-svstem-denved conversion
coitings consisted of hopeite (Zna(PO,).-4H.0O) as the

A madificd Zn - Ph conversion coutings RN

major component and zinc orthophosphate dihvdrate
(£0:(PO,),- 2H.0O) us the munor compoenent. The uni-
form coverage of hopeite—Zn: (PO, }-- 2H-0 mnterlocked
crystals over the steel mav result in o reduction in the
rite of corrosion.
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Corrosion Protection of Steel and Bond Durability
at Polyphenylene Sulfide-to-Anhydrous
Zinc Phosphate Interfaces

T. SUGAMA* and N. R. CARCIELLO

Energy Efficiency and Conservation Civision, Department ol Applied Science,
Brookhaven National Laboratory, Upton. Mew York 11973

SYNOPSIS

Tu enhance the pertormance of high-temperature polyphenvlene sulfide 1 PI*S) coating in
protecting steels from corrasion, the cold-rolled steel surfaces were prepared with anhydrous
zinc phosphate (Zn: Ph) ¢conversion cuatings containing poly{acid)anhydride as an inter-
facial tailoring material. The tactors concributing to the formation ot a good hond at the
PPS3/Zn: Ph joints were as foilows: (1) the chemical reaction of PPS with Fe;(3; in the
Zn: Ph lavers, (2) PPS-to-polv{acid)anhydride interaction, and (:3) the mechanical in-
teriocking hetween PPS and the rough Zn- Ph crystal surfaces. Alchough such interfacial
bond structures provide a superior durability of PPS/Zn - Ph joints against a hot H.80,
solution, the cathodic reaction. H.O + 10, + 2e’ = 20H ", occurring at any defect in the
PPS/Zn Ph joint system when NaCl is present will tead to the delamination of the PPS
film from the phosphuted steel. This cathodic delamination was due mainly to alkali-induced
dissolution ol Zn - Ph lavers. However, Lhe rate of delamination for the PPS/Zn- Ph systems
was considerably lower compared with that tor the PPS/steel svstem in the absence of
Zn- *h,

INTRODUCTION

In our recent studies on the intertacial bonding be-
tween polvphenylene sulfide ( PPS) coatings and
metal substrates, such as cold-rolled, stainless, and
galvanized steels, we found that the degree of bond
strength of PPS-to-metal joints depended primarily
on the species ol sullur-related intertacial reaction
products generated by the gas—solid chemical reuc-
tion hetween the metul oxides present at the out
ermost surface site of substrates and the S0 and
S0 gages emitted from PPS at a high temperature
of 350°(.." 'The urder of these reaction compounds,
which pliay an important role in developing band
strenpth, wis Fe i S0, = eSO, = IFes. Hawever,
atthough such S-related iron reaction componnds
signilicantly improved hond steength, 1t s well

v whom corresponenes stwodhil b o biressand
devvral b Npphaad ol vpper Seemee Yol Lo v il ey
O L Wi & s D RN TR A

known” ' that these compounds commoniy acr to
promote the corrosion rate of steels. To avoid the
direct contact of PPS with steel. we also investigated
the etfectiveness of zinc phosphate {Zn: Phi con-
version coatings, deposited on the steel surfaces, in
decreasing the cathodic delamination rate of PPS
Aim from the zinc-phosphated steels.” The cathodie
reaction, in terms of the oxvegen reduction reaction
oceurring at the corrosion sites ot steel in a near
neutral agqueous environment, is H.O + 410, + e’
= 20H . 'The large number of hvdroxy! ivons gen-
erated by this cathodic reaction creates a1 high pH
environment underngath the PPS lavers. The atrack
ol alkalt solntion on the cryvscalline Zo - Ph coating
lwver trequently causes s dissalution, thereny re-
suiting m oo high rite ol delamination ot the PPS
b Oar previouws imvestigition sugeested that the
anhydraus -7 PO ) phiase dertved fram thermal
dehvdracian of the original 2o Ph hvdente phase
hits o low snsceptibidity 1o alkali-eatalvzed dissalu-

tion."
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Accordingly, the emphasis of this article was di-
rected toward obtaining a better understanding and
visualization of the chemical changes at the PPS3-
to-iv phase interfacial contact zones, which are im-
portant in improving the durability of adhesive bond
and reducing the rate of cathodic delamination of
PPS flm. For comparison, the intertace of PP5-to-
cold-rolled steel was also explored.

EXPERIMENTAL

Materials

The metal substrate used was A131 {010 cold-rolled
steel containing 0.08-0.13 wt. % C, 0.5-0.6 wt % Mn,
004 we % P, and .05 wt % S, The formulation of
the zinc phosphate liquid was 1.3 wt % zinc ortho-
phosphate dihvdrate [Zn: ( PO, 2H.OQ |, 2.6 wt %
H,PO,, 2.0 wt % [25% polv(acrylic)acid, pi AA}],
1.0 wt % Ni{NO,y). 6H,0, and 93.1 wt % water.
The average molecular weight of p(AA) polyvelec-
trolyte, supplied by Rohm and Hass Company, was
= 60,000,

In preparing the zinc phosphate (Zn-Ph) sam-
ples, the steel surfaces were wiped with acetone-
soaked tissues to remove any surface contamination
from mill oil. The steel then was immersed for up
to 20 min in the Zn- Ph conversion solutions at a
temperature of 80°C, Finally, the deposited Zn - Ph
layers were haked in an oven at 350°C for 2 h to
prepare the anhydrous Zn - Ph lavers.

PPS powder for the slurry coating was supplied
bv the Phillips 66 Company. The as-received PPS
was 4 finely divided, tan powder having a high meit
How with a melting point ot 288°C. The PPS film
was deposited on the surfaces of the cold-rolled steel
and Zn - Ph-treated steel substrate in the following
way. First, the substrates were dipped into a PPS
slurry consisting of 45 wt % PPS and 55 wt % iso-
propylaleohol at 25°C. Then, the slurry-coated suh-
strates were preheated in the air at 300°C for % h to
trigger the fusion of the PPS powder and, at the
samie time, the volatilization ot the isopropvlalcohol
liquid phase. To assemble the crosslinked and ex-
tended muacromofecular structures, the fused PPS
wus finally heated in air at 35070 for 2 h.

Measurements

The chemical compositions and states present an i
hond- failure site at the interlices of PPS /substrate

joint systems were explored using X-rav photoelec-
tron spectroscopy (XPS}, scanning electron mi-
croscopy (SEM), and energy-dispersion X-rav
spectrometry (EDX). The XPS used was a V.G
Scientific ESCA 3MEK II. The excitation radiation
was provided by an Al K ( 1486.6 eV) X-ray source,
operated at a constant power of 200 W, The vacuum
in the analvzer chamber of the instrument was
maintained at 10 ™ Torr. The atomic concentrations
and ratios for the respective chemical elements were
determined hy comparing the XPS peak areas, which
were obtained from the differential cross-sections
for core-level excitation. To set a scale in all rthe
high-resolution XPS3 spectra, the hinding peak was
fixed at 285.0 €V as an internal reference. A curve-
deconvolution technique was emploved o find the
individual ¢chemical states from the high-resolunon
spectra of each element. Ail nmeasurements were
made at an electron take-off angle ot 387, which cor-
responds to an analysis depth of = 5 nm.” EDX 15
extremely useful for the quantitative analysis of any
elements that exist on a surface solid layer up to =
2 um 1n thickness.

The cathodic delamination tests for the PPS-
coated anhydrous 7Zn - Ph specimens were conducted
in an air-covered 1.0 M Na(li solution using an ap-
plied potential of —1.5 V vs. SCE for up to & davs
(see Fig. 1). Thickness of Zn- Ph layer deposited
on the steel substrates with the 100 X 100 mm square
area was determined to be approximatelv 30 um us-
ing a surface profile measuring system. PP35 thick.
ness overlaid on the Zn- Ph was approximately 2
mil. The total area of flm that comes into contact
with NaCl solution was 6.0 % 10" mm-. A defect was
made using a |-mm diameter drill bit. Atter expo-
sure, specimens were removed {rom the cell and al-
lowed to dry. The PPS coating was removed by cut-
ting, revealing a delaminated region that appeared
as a light gray area adjacent to the defect.

To evaluate the durability of the PPS/substrate
interfacial bond, the lap-shear tensile strength of
substrate-to-suhstrate PPS adhesive apecimens was
determined after exposure to H.S0, solution (pH
= 1) containing (+ t M NaCl for up ta 3 davs at 30°(.
The laup-shear tensile strength was estimated in ac-
cordance with the modified ASTM Method D-1(Hy2,
Betore overlupping the subscrate sreips, (50 mm lang
and 15 m wide ), the 10 ~ 15 mm lap ared waos
couted with PPs adhesive. The rhiuckness of the
overlupped PPS lilm ranged trom =3 mil. The bond
strength ol the lap-shear specimens s the maximun
load at failure divided by the tatal bonding area af

150 -,
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RESULTS AND DISCUSSION

Cathedic Delamination

As discussed in the introduction, it is very important
1o identify the species of phase present in the an-
hydrous Zn+Ph lavers that greatly influence the
vulnerability to alkali attack, The degree of alkali
dissolution of the w-Zn.(PO,}, phase was consid-
erahly lawer than that of the v-phuse, To ascertain
whether the dehvdration phase of Zn+ Ph derived
trom this zinc phosphate solution is «-phase. the
7Zn -+ Ph crystal layers were scraped trom the steel
surfaces hetore and after thermal dehydration ut
350°C 1n the air and then ground to a size of 325
mesh (0,044 mm) for X-rav powder diffrac-
tion {XRD),

Figure 2 illustrates two XRD tracings: the ornginal
Zn: Ph, denoted as sample u, and the anhydrous
Zn- Ph (sample b} prepared by heating the vriginal
sample at 350°C., Two hydrous crystai phases
were distinguishable in the vriginal Zn: Ph
layers, nameiv, zinc orthophosphate dihvdrate
[Zn (PO, ), - 2HLO | present us the major component
and hopeite [ Zn (PO, ), - 4H.0 | as the minur one.
The predominacing phase of the anhvdrous samples
1 identical 0 w-Zo PO, and y-Zn PO s
present as a secondary phase. This result was n
agreement with thut obtained In our previons -
vestipution,” that is, Znd PO 2HO was con-
verted into Lhe «-Zin, (PO, ) phase during delhwvelra-
tion and the Zn. PO - AHAO — =720, (PO phise

transition is favored. Hence, we can predict that the
anhydrous Zn: Ph layers prepared in this study will
have a minimum rate of alkali dissolution.

Figure 3 shows the delaminated area of PPS film

|
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Figure 3 Cathodic delamination of PPS tilm from steel
and Zn - Ph-deposited steel substrates in 1.0 M NaCl

from the substrates atter up to 8 days of cathodic
testiﬁg. For PP3 /steel joint svstems in the absence
of Zn- Ph, the resulting curve indicates that there
is a significantly large area of delamination of PPS
after only L day’s exposure. Further exposure up to
% days resulted in an extensive delamination of = 6
X 10" mm”. The rate of delamination of this PPS/
steel system was considerably reduced when Zn- Ph
was deposited onto the steel surfaces. The value of
== 4 X 10 mm" for the PPS/Zn - Ph system obtained
after 8 days was = 10° times lower than that of the
PPS/steel system after the same exposure. Why
such a high rate of delamination occurs at the critical
intertacial zones ot the PPS /steel systems 15 of par-
ticular interest. To gain this information, we ex-
plored by XPS both cathodically failed PPS and
steel interfaces for 3-day-exposed PPS/steel sys-
tems. For purposes of comparison, both failure sides
for the unexposed control systems were investigated.
The control samples were prepared hv pulling 1he
PIPS films from the steel and % Ph substrate sur-
faces at sites of tension Iailure, Table [ sumimarizes
the chemical compositions ol the cross-section sim-
ples belore and after the cuthodic experiments. For

the controls, the interface chemistry of the PPS side
removed from the steel substrate consists of 3.50%
S,.421% C, 44.0% 0O, and 10.4% Fe. The S element
refers to S originating from the fundamental for-
mula, [ -S-]., of PPS. The C belongs both to car-
bans in the PPS and in the contaminants. As re-
ported in our previous paper, ' the Fe and O elements
remaining on the PPS side are associated with the
interfacial reaction products formed by interaction
between the PPS coating and Fe,(J, existing at the
outermost surface site of steels, No S atom was found
on the failed steel sides. Thus, it appears that the
locus of failure occurs through the reaction product
layers close to PPS. A striking difference from the
control was observed 1n the cathodically delaminated
samples. The differences are as follows: (1) A large
arpount of Fe and O was removed from the inrer-
facial PPS sides, while the concentrations of' 5 and
C were markedly increased; {2) a small amount of
S remained on the steel sides, and (3) 4 certain
amount of Na from the Na(l] electrolyte was de-
tected on both the delaminated PPS and steel sides.
There was no evidence for the presence of the Cl
atom. The first two results show that the cathodic
reaction, H.0O + Q. + 2~ = 20H ", occurring at
the defect in the PPS film leads to the elimination
of Fe-related reaction products. Since the ionic re-
action between the OH ™ ions generated by cathodic
reaction and the Na' ions dissociated from NaCl
electrolyte yields a high concentration of NaOH in
the area ot the defect,” it is reasonable to assume
that creation of such an alkali environment at the
intertacial regions cause NaOH-catalvzed hvdrolvsis
of the interfacial reaction products. Thus, as a result
of ditference 3, the detection of Na atom at the de-
laminated interfaces could be due to the penetration
ot the Na{H solution through the interfacial lavers.
To support this hypothesis, we inspected the high-
resolution 5., core-level spectra of the PPS and steel

Table I Chemical Composition of Both
Interfacial Failure Sides Before and After
Cathodic Delamination Tests for
PPS/Steel Joint Systems

Atomic Concentranon. “x

(Cathodic  Fiuled
Test Sice i ¢ O Mo Ite My
Before 121 ST SUR I N 141
Helore Steel - 1R 2 S TV TR S & MR YT -
Atter |54 B 0.7 HhY 6l - 1.5 oA
Aller Sleel 1.4 23800 5948 1.3 [ 1.2
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Figure 4 8,, core level spectra for (a) the PPS side
removed from the steel before cathodic delamination tests
and (b) the delaminated PPS and {c) steel sides after
cathodic tests.

interfacial sides ol the specimens helore and after
cathodic tests ( Fig. 4). The 5., region for the PPS
interface of the control samples reveals two major
components at 16:3.8 and 168.5 eV. The former peak,
the principal companent, is attributable to the S in
the PP3, while the latter reflects the S in the terrous
sulphate [ FeS0, ) formed by the interfacial gas—solid
reaction hetween Fe,0; and 50. and 50, gases
emitted from PPS in air at a high temperature.' By
comparison with the control, the remarkable atten-
uation of peak intensity at |68.5 eV originating from
the Fe in the FeSO, reaction product can he chserved
on spectrum (h) of the cathodically delaminated
PPS side. In the spectrum (c) of the delaminated
steel side, the presence of weak line at 168.5 eV ver-
ifies that a small amount of intermediate FeS(0, ad-
hering to the steel remains ut the interfacial sreel
sicle, while there ure no signals for the peaks of 1638
eV corresponding to the PPN, Therefore. the mujor
reuson for the more extreme cathadie delamination
at PPy /steel interfaces was the NaOH-cataivzed
hydrolysis of Fes0), adjacent Lo the steel surtuces.
Tuble [1 gives the elementul compasitions for hath
intertacial (uilore sides in the PPS/Zn-Ph joint
systems before and after cathodic tests for 8 davs,
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The interfacial PPS surface of control samples had
a composition closely resembling that of the Za - Ph
interface except that there was no S element. The
detection of a certain amount of P, Fe, und Zn on
the PPS interface demonstrated chat these elements
migrate from the Zn - Ph-covered steel substrate to
the coating sides during the failure of the bond
These results show that there is a good interfacial
hond between PPS and Zn « Ph. Hence, failure must
occur through the Zn - Ph layer. In other words, the
PPS-to-Zn - Ph bond strength is much greater than
that of Zn - Ph itself. A dramatic change in compo-
sition can he seen on both of the cathodicallyv de-
laminated areas of the interfacial PPS and Zn: Ph
sides, namely, a remarkable amount of P, ), Fe. and
7Zn has vanished trom the delaminated areas, while
additional amounts of Na atom have heen incor-
porated into the inter{aces. The data also suggested
that the rate of elimination of Fe atom is much
higher than that of any other elements. The removal
of P and Zn may be mainly due to the dissolution
of Zn -+ Ph layers caused by the attack of alkali so-
lution generated by the oxygen reduction reaction
{H,O + 30, + 2¢” = 20H7) at the site of the defect.
Since the evolved OH ™ ions ionically react with Na~
dissociated from NaCl, the incorporation of Na can
he directly related to the penetration of NaOH
vielded by this charge balance into the failure zones.
Such alkali dissolution ol the Zn - Ph layers is re-
flected in the increase in concentration ol S and
atoms in the PPS. But an important question still
remains to be answered. Why is the rate of elimi-
nation of Fe-related compounds considerablv higher
than that of the Zn - Ph? To answer this question, we
inspected the high-resolution Pu,, Znuu., Fewpo.
and S., spectra of the cathodically delaminated PPS
side and the PPS failure surface that was made hyv
pulling the PPS film from the Zn-Ph before the

Table II Chemical Composition of Both
Interfacial Failure Sides Before and After
Cathodic Delamination Tests for PPS/Zn . Ph
Joint Systems

Atomic Concentration,

Cathodic Failed ) —

Test Side P = ¢ 1 Fe Zn Na
Hefore  1PPPS S50 28 A0 170wl As
Hefore  Zo- PR 53 — 4590 477 K1 0 =
Aller PPw 44 (.4

1]
At 209 0 2
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i
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Figure 5 P, und Zny,..; regions for () the interfacial PPS sides before cathodic test
and (e) at the cathodically delaminated PPS intertace.

cathodic tests. Figure 5 illustrates the resultant P,
and Zny,,,. regions of these samples. The control
sample {before cathodic tests), denoted as d. had a
main tine at 134.2 eV for P, and at 1023.3 eV for
Znupy .o spectra, reflecting the P and Zn atoms in
Zn - Ph.” Peak features and intensity similar to those
ot the control was observed in both the P, and the
Zn.y, 0 region for che sample te) after cathodic tests.
[n the Fe.,.;.region { Fig_6) . the control sample {d)

7io7

717 715 713 711 708 707

displays a strong signal emerging at the BE position
of 710.7 eV, corresponding to the formation of terric
oxide (Fe.04)." Since the electrochemical reaction
between the steel and Zn -+ Ph solution at an early
stage of Zn - Ph precipitation leads to the liberation
of the free Fe ions from the steel surtace. '’ it 15 not
surprising that Fe,O, forms by the oxidation of tree
Fe present in the Zn-Ph lavers during the
Zn, (PO, ). 2HLO — o-Zn (PO, ), phase conversion

170.0
166.3
B '

172 170 168 166 164 162 160 158

BINDING ENERGY eV

Figure 6

Feo, coincd g, regions far Gl the intertacial PPS side belore cathodic 1est and

(e the cathodicallv detaminated PPS intertice.



in air at 350°C before the PPS coating is deposited,
[n fact, we observed color changes in Zn - Ph coating,
from a dark grav at 100°C to a light brown at 350°C,
A striking decay in the Feu ;. signal intensity was
observed from the cathodicaliy delaminated PPS3
interface (e} (the reason will be discussed later).
The 5., region (Fig. 6) for the control (d) reveals
two resoivable components at 163.7 and 162.1 eV.
The former peak is attributable to the 3 in the PPS,
and the latter belongs to the 3 in the Fes.* This
information seems to suggest that the 30, gas emit-
ted from the PP3 in the vicimity of Zn- Ph laver
preferentiallv reacts with Fe,O, in the Zn - Ph lavers,
rather than the «- and «v-Zn, ( PO, }. phases. T con-
firm that 5. was taken up by Fe.Q., anhvdrous
Zn - Ph coatings were exposed in 830, gases at 350°C
tHow rate = 200 cc/min} for up to 120 min. The
chemical compaositions of the exposed coating sur-
faces were Investicated by XP3, and then the in-
ternaily generated P.,, S.,, Fes,, and Zn.,, . peak
areas were used to calculate the atomic percent ra-
tios. Figure 7 shows the variation in P/Zn, 5/Zn,
and Fe/Zn ratios as a function of exposure times,
The data indicate that the value ot the $3/Zn ratio
increases with longer exposure time, while the Fe/

A5+ = — —
3.0
T ~- 9/In
2 :
= 25
m -
2 1.0 i
E
=
- - S/In
" PR
osi [/
L/
T
.": Tre— —
.-’:: T . Fe/Zn
oV : ‘
30 60 50 120
Exposure Time to SO,, min
Figure 7 Changes in /70, =700 and Fe/7Zn awomee
rabios s lnenien ol exposire time to S0

CORROSION PROTECTION OF STEEL BY PPS 1297

7n ratio value monotonously decreases as a funcrion
of time. In contrast, the P /Zn ratio does not express
any changes in value for the exposure periods up to
120 min. Thus, these data strongly support the idea
that 30, is taken up by the Fe.O, present in the
Zn- Ph lavers.

Returning to the Sy, spectrum in Figure 6, the
drastic changes in spectral features occur as the ca-
thodic reaction is initiated at the defect. [n partic-
ular, the Ss, signal at the cathodically delaminated
PP3 side (e) was characterized by the appearance
of three new peaks, the most intense peak heing at
161.4 eV, with two prominent lines ai 166.3 and
170.0 eV. Considering that there is little residual Fe
atom at the delaminated PPS side. these new lines
do not reflect the formation of Fe-related suifur
compounds, However, since a large amount of Na
remains nn the delaminated PPS interface. these
lines possibly could be assigned to the Na-related
sulfur compounds derived from the cachodic reac-
tion. Assuming that these predicted assignments are
correct, other authors'® suggested that the predom-
inating line at 161.4 eV is due to the 8 in the sodium
sulphide { Na,S) as the major by-product of the ca-
thodic reaction; the other lines at 166.3 and 170.0
eV were ascribed to the sodium sulphite (Na,S0;)
and sulphate {Na,30,), respectively. The striking
decay of Fey,s, signal [Fig. 6(e) ] at the cathodicallv
delaminated PPS side can be interpreted as tollows:
The Fe.0 in Zn- Ph layers favorably reacts with
PPs to form Fes, which is one of several S-related
irimn reaction compounds. However, it was verv dit-
ticult to distinguish the photoelectron line ot Fe3
from the Fe.O., line in the Fe,, .. region because the
signal originating from Fe in Fe3 emerges at only
= 0.3 eV lower BE position than that nl Fe,0,."
Nevertheless, the decay ot Fey,. ., signal was impli-
vated in the loss of a great deal of Fes caused bv
NaOH -catalvzed hydrolysis.

Using SEM and EDX, we also investigated the
morphology and the elemental distribution of va-
thodically failed Zn- Phside (Fig 8). As seen in the
bottom lelt photograph of Figure 8, SEM topography
reveals the existence of two distinctive areas: site A
represents an ared approximately LOOO @in in di-
ameler surrounding the delect, while site B is ac the
eddue ol the detaminaied PPS. The C area in the tap
photograph, an enlirgement ol =e A, dizeloses the
presenre al” the PPS adhering loeallv to the sub-
strile. As s evident from the BDN elemental dara
from this region, a smadl part of the PPS 1ilm re-
maining an the substrote contains not anly the =
atom but alse has ollier elements =uch ns Na, Fe.
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and Zn. The EDX spectrum of area D in the same
photograph, representing the presence of the Fe
atom alone, relates to the steel substrate. These
findings strongly suggested thac almost all the crys-
talline conversion coating surrounding the defect
was dissolved in the NaOH solution resulting from
the cathodic reaction occurring heneath the PPS
film. The right-bottom SEM microstructure (an en-
targement of site B) is an image of the morphology
of a normal Zn Ph crystal coating, which has not
been attacked by NaOH.

A certain amount of p(AA) polvelectrolyte in-
corporated during erystal growth into the zinc phos-
phate solution is present at the outermost surface
sites of Zn- Ph lavers.”” Thus. we should consider
whether there is an interaction between p( AA ) and
PPS. In an attempt to ohtain this information, sam-
ples were prepared in the following way: First. the
steel plate was dipped for 3 min into the 1.0% pt AA)
aqueous solution, and then dried in an oven at 350°C
for 1 hto transform the p(AA) macromolecule from
the poly(acid), having COOH pendent groups, to

' |
©

. . . C

the polv{acid)anhydride having 7N/ A\

O 0
and COOH groups.'® A PPS slurry was then depos-
ited on the poly(acid Yanhydride macromolecule film
surfaces, followed hy curing in air at 350°C. Finally,
the 'PPS site removed from the poly{acid)-
anhvdride-primed steel was inspected hv XPS. Fig-

1}

ig)

289 287 285 283 281
BINDING ENERGY, eV

Figure 9 (), specten tor (1) halk PP= and (gr PPS
ierface removed from poly Cacid anhvdreide-primed sieel,
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ure 9 shows the XPS spectra for the C,; region of
the bulk PPS film {£) and for the interfacial PPS
site (g). For the bulk PPS, the single peak at 285.0
eV reveals the aromatic hvdrocarbon in PPS, By
comparison with the symmetry of the curve of huik
PPS, the shape of the peak of the samples from the
interfacial PPS site has an asymmetric tailing to-
ward the high BE sides. This tail, which separates
from the primary peak of aromatic hydrocarbon at
285.0 eV, reveals the presence of at least two re-
solvable peaks. Based upon published data, '’ the as-
signments of the lines at 288.1 and 289.3 eV are due
to the carbon in the carhoxyl { C=0) group and the
carboxylic acid (COOQH ) group. respectively, thereby
suggesting that hond failure occurs through the
mixing layers of PPS and poly(acidlanhydride. Al-
though there 18 no evidence abour the interfacial
hond structure and the chemical or physical inter
actions, it appears that the poly(acid)anhvdride
macromolecule has a strong affinity for PPS, On the
other hand, the rough surface structure of crystalline
Zn - Ph was one factor contributing to the increased
mechaniecal interlocking forces associated with the
mechanical anchoring of the PPS polvmer, resulting
from the penetration of the melted polymer into the
open-surface microstructure and microfissures of
Zn-Ph layers. Consequently. the combination of
such chemical and physical bond structures plavs a
maijor role in the good adhesion performance at PPS-
to-Zn - Ph joints.

Durability of Adhesive Bond

As discussed, the cathodic delamination of PPS film
from a zinc-phosphated steel was due primarily to
the alkali dissolution of Zn - Ph and FeS underneath
the PPS coatings. We investigated the durability of
the steel/ and Zn-Ph/PPS adhesive hoads after
exposure at 80°C to H.S0, solution {pH =~ 3 con-
taining 0.1 M NaClL All edges on the PPS adhesive/
adhered joints were unprotecred to evaluate the
susceptihility of the interfacial bonding to the hot
acid. Figure 10 shows the ¢hanges in the value of
lap-shear hond strength as a function of exposure
time; each value in the figure represents 1he average
of Lthree measurements, For rhe unexposed contro!
specimens, the bond strength of the PPR/Zn- Ph
joint was muech higher than that of the PPS /sreel
joint. The deposition of Zn- Ph laver on the sivel
surface appears to provide i strong adhesive bonding
of PPS/steel joints, 'The data tor the PPS/Zn- Ph
specimens indicated that a redugtion in strength
vracually oceurs during expostires of up o 4 davs:
bevond this, there is very little reducsion in strength.
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Figure 10 Lap-shear hond s¢rength vs. exposure time
to 30°C H.30, solution,

This fact is reflected in the considerable durabiiity
of the PP3/Zn - Ph joint in hot-acid environments.
The SEM image {not shown} of peeled PPS inter-
face tor the 8-day-exposed specimens showed the
pvresence ol a large amount of Zn- Ph, suggesting
that the mode ul delamination can be defined as
cohesive failure that occurs through the Zn- Ph
layer. [n contrast, the strength of the PPS/steel
specimens after exposure lor 8 days dropped dra-
matically to a value of (o MPa, a reduction of
= ¥9%. There was a partial separation ot the PP%
film from the ateel surface, thereby tmplying that
the bond durahility of PP5/steel joints is very poor.

To elucidate the failure mode of acid-damaged
PPS/steel joints, the PPS-coated steel specimens
were exposed for 8 days at 80°C in H,80, solution
(ipH = 23) containing 0.l M NaCl. After exposure,
the chemical composition of the separated PPS and
steel interfaces was inspected by XPS: the quanti-

Table [11 Atomic Cancentrations of Failed PPS
and Steel Sides Before and After Exposure for 8
Days to 30°C H, 50, Solution

Atomie {oncenceation, '

Exposure to - Faled

H .=(0), Srede bl {3 0 Mn Fe ']
Hetire 11 4h o 42 44 - 10.4
liefore Slesl  — 313 BRSO OT 126 =
Aller IS 6.7 208 680 — TR LG
1. 2

Alter Steel 0 BMD G0

tative data are given in Table [I[. Compared with
the control specimens, the interfaces of the exposed
specimens were characterized by representing the
migration of S atom from the PPS to the steel sides
and the interfacial diffusion of Cl. There was nu
signal for Na from the formation of Na-related sulfur
reaction compounds, which are induced by the dif-
fusion of Naions into the interfacial boundary zones,
Nevertheless, the locus of failure appears to occur
through the S-incorporated reaction product layers
as means of the adhesive fallure ar the interface.

To identify the reaction product that causes the
bond failure in hot acid, we inspected Sy, core-level
spectra for both the separated PPS und the steel
sides ( Fig. 11). The S, region for both sides showed
the emergence of a single peak at the position of
169.0 eV, which enrresponds 1o a shift of 0.5 eV to
the higher BE site than that of FesQ,, formed by
interaction bhetween PPS and the steel [see Fig.
4(a)] before exposure. A shift of 0.5 eV is reasonable
to distinguish the formation of ferric suiphate
[Fe.50,)4]," which may be generated by H.S0,
catalyzed oxidation of FeSQ,. Thus, the cause for
the bond failure of PPS/steel joints after exposure
to hot-acid solution was the interfacial FeS0, —
Fe, (50, ), phase transition.

CONCLUSIONS

When high-temperature perlormance PP3 polvmer
coatings were directly applied to cold-rolled steel
surfaces, the chemical reaction at 350°C between
the Fe,(, at the outermost surtaces ot the steel and

2
9.0

] e

172 170 168 166 164 162
BINDING ENERGY, eV

Figure 11 5, regon for th PPS ancd {0 steel interfaces
separated by The attack of hotacud solution on the PPPs.

steel joint.



the PPS in air led to the formation of FeSQ, at the
critical interfacial zones, Although the intermediate
FesQ, lavers, as interfacial reaction products, play
an important role in developing bond strength at
the PPS/steel joint, the alkali-catalyzed hvdrolysis
of FesQ, caused by the cathodic reaction, H,Q
4+ 30, + 2e” = 20H ", at any defects in the coating
film caused catastrophic cathodic delamination of
the PPS film from the steel. Therefore, to avoid the
direct contact of PPS with steel, a p( AA ) -modified
Zn: Ph conversion coating was deposited on the
stee] surfaces. Before applving the PPS, the
Zn (PO, },  2H.,0O as major phase ot the Zn - Ph lay-
ers was converted into an o-Zn,( POy} phase by
thermal dehydration at 350°C. This thermal treat-
ment also promoted the transformation of the
polv(acid) structure within the ptAA} into the
polviacidYanhvdride and the oxidation of tree Fe
atoms dissociated {rom the steel surfaces during the
precipitation of the crystalline Zn Ph coating, We
found that SO, emitted from the PPS at the PPS-
to-Zn -+ Ph boundary regions preferentially reacts
with the oxidized Fe compounds rather than with
Zn and P atoms in the Zn - Ph crystals, Such a gas—
solid interaction between SO, and the oxidized Fe
compound at 350°C caused the formation of an Fe3
reaction product. [n addition, two different inter-
actions were recognized: One was the polymer-teo-
polymer reaction bhetween the PPS and the
poly{acid)anhydride existing at the outer surface
of the Zn - Ph lavers, the other was the mechunical
interlocking associated with the mechanical an-
choring of the PPS polymer, which resulted from
the penetration ol the melted polymer into the open
surface microstructure ol the Zn - Ph layers. These
physicochemical factors, contributing to the devel-
opment ol adhesion lorce at the PPS/Zn -« Ph in-
terfaces, were essentially responsible for the high
lap-shear bond strength on the phosphated metal-
to-phosphated metal PPS specimens.

Once a cathodic reaction occurs at a defect in the
PPS/Zn- Ph system, the action ol NaOH derived
from the cathodic reaction resulits in the dissolution
and hydrolysis of the anhydrous Zn- Ph and FeS
interaction product. Such an alkali-induced disso-
ciantion resulted in the [armation of the Na-reluted
sullue compounds. such as Na-sulphide, Na-sulphice,
and Na-sulphate. However, the rate of cathodic de-
lamination o PPS lor the PPS/Zin 17h svstem was
considerably lower than that Tor Lhe PPS/steel
system.

The adhesive honds of the P1PS/Zn - Ph svslems
displayed an oulstanding hond durability againsl
attack by a hol H,S80, solation containing Natl. i

CORROSION PROTECTION OF STEEL BY PPS 1301

contrast, the bonds of the PPS/steel systems failed
after exposure for only 8 davs to this hot-acid so-
lution. The major reason for this failure was due to
FeS53, — Fe.(80,}; phase transformation in the
intermediate lavers. The formation of Fe,(50,};
may be deduced from the acid-catalyzed oxidation
of the FeS8Q, reaction product formed at the PPS/
steel interfaces.

This work was performed under the auspices of the U.S.
Department of Energy under Contract No. DE-AC02-
T6CHON016 and supported by the U.S. Army Research
Othice Program MIPR-ARQ-119-91 and the Physical Sci-
ences Department of the Gas Research Institute under
{Contract No. 5080-260-1948.
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Summary

Amorphous polytitanosiloxane (PTS) was formed by hydrolysis—
polvcondensation and hydrolysis—polycondensation—pyrelysis  reaction
mechanisms of precursor sol solutions consisting of monomeric organo-
silanes, Ti(OC,H:}),, methanol, water and hydrochloric acid, over the
temperature range 100 -500°C. These reaction processes which are re-
sponsible for the assemblage of PTS networks were found to depend
mainly on the species of organosilane used.

The PTS was applied as a coating on aluminum substrates and the
factors which play an important role in providing corrosion protection were
investigated. Three major findings are as follows: (1) the addition of HCI,
which was used as a hydrolysis accelerator for the organosilanes and
TiOC,Hs),, acts to produce a clear sol solution, thereby aiding in the
formation of smooth and uniform coating lavers; (2) the organosilane to
TiOC,Hs), ratios are critical for the fabrication of PTS films, and (3}
moderate densification of the Si—O—Ti bond in PTS networks is needed
to produce a good film.

Introduction

The use of titanium allcoxide, Ti(OR), (where R is CH,, C,H., C;H,
or Cyully), as a means of enhancing the network connectivity and, hence,
the extent of three-dimensional crosslinking of polymeric organosilanes
synthesized using sol-gel techniques in terms of hydrolysis—polycondensa-
tion processes, has been investigated previously [1, 2] These authors re-
ported that the incorporation of Ti(OR},; into the organosilane system
improved mechanical properties such as the modulus of elasticity and tensile
strength of the organesiloxane polymer. It has also been reported that the
addition of excessive amounts of Ti{OR}, to the systems results in large

*This work was performed under the auspices ol the U.S. Department of Energy,
Waushington, D.C. under Conlract No. DE-AC02.-76CH0Q0Q016, and supported hy Lhe
U.S. Army Research Olfice Program MIPR-ARO-102-89.

0033-0655/90/33.50 © Blsevier Sequoia/Printed in The Netherlands
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reductions in the elongation at the failure point of the polymers [3]. All
of these studies were performed at temperatures up to 220 °C.

Apparently an inorganic polysilane formed by a sel-gel polycondensa-
tion process involving tetraethylorthosilicate, Si{OC,Hs),, is presently used
as a binder in inorganic zinc-rich primers which act to inhibit the corrosion
of metals [4]. The major characteristics of these cured inorganic zine primer
films are their excellent adhesion to metallic substrates, thermal stability,
resistance to ultraviolet light and weathering, and abrasion. As a result,
they appear promising for use as reliable underlying structures to which
organic topcoats can be applied. From the standpeint of adhesion to metals,
it has been emphasized that hydroxy-terminated end groups in the assembled
polysiiane macromolecules react favorably with hydroxylated metals to
form strong covalent bonds [5, 6]. This formation of interfacial bonds is
primarily responsible for adhesion durability at metal-polysilane joints.

On the basis of the above information, our attention was focused on
the characteristics of pelymeric materials synthesized through hydrolysis—
condensation reactions of Ti{OR),-incorporated organecsilane monomeric
mixtures over the temperature range 100 - 500 °C. When film fabrication
temperatures = 300 °C are considered, it can be assumed that a large number
of carbon-containing groups will be eliminated pyrolytically from the
polymer network structures as a result of elevated temperature. Hence,
attention was given to the pyrolytic changes in the conformation of Ti
compound-modified organosilane polymers. Of course, such conformational
changes and their processes, as a function of temperature, may be different
depending on the species of organosilane and the proportions of organo-
silane to TI{OR.), used as original starting materials.

As an appreach to obtalning such information, it was decided to
examine three topies. First, emphasis was placed on the pyrolytic conforma-
tional changes and the mechanisms of Ti compound-modified organosilane
polymers formed at various Ti(OR), to organosilane monomer ratios. in this
study, the 3-glycidoxypropylirimethoxysilane {GPS) examined by previous
investigators [1, 2] was used. The observed conformational changes were
correlated with alterations in the surface morphology, changes in surface
chemical composition and chemical states of the Ti compound-modified
GPS coating films overlayed on aluminum substrates at temperatures up to
500 °C. The ability of the coatings formed at temperatures ranging from
100 °C to 500 °C to inhibit the pitting corrosion of aluminum was studied
secondly. Finally, based upon fundamental knowledge obtained from the
above studies, efforts were then focused on the fabrication of good coating
films and evaluation of their corrosion protective performance.

Experimental

Materials
The six different monomeric organoalkoxysilanes listed in Table 1
were used in this study. Sources of these silanes which served as network-
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TABLE 1

Orpanosilanes used in the present study

Organosilane Chemical lormula

tetragthoxysilane (TS) S1(0C;H: )y

1,2-bis(trimethoxysilylethane (BTSE) (F3CO 5 {CHA WS OCH )2
0

B-03 h-epoxyevelohesvlethyltri \@_(CI-I:)Q_SE(OCI-I")]

methoxvsilane (ECS)

3-glycidoxypropyitrimethoxysilane (GPS) CH, CH—CH,—0—{CH4);—51(0CH3);

. O/
3-aminopropylirimethoxysilane { APS) HoN—{CH1)3—Si(OCHj3);
N-[3-(triethoxysilyl)propyl]-1,5- lL::N—(CH;):,—Si(OCg Hs)a

dihydroimidazole {TSPI)

TABLE 2

Compositions of cleat precursor solutions used loe various GPS/Ti{OC;Hs )4 ratios

GPS/Ti{OC3Hg)y  GPS Ti{OC,H¢)y  CH3;0H  Water  HCI (wt.%)/
(wt, ratio) (Wt.%)  (wt.%) (wt.%)  (wt%} [GPS + Ti(OC;Hz)4]
10070 50 0 30 20 10

80720 40 10 30 20 10

60/40 30 20 30 20 20

40/60 20 30 30 20 30

3070 15 35 30 20 10

forming materials were the Aldrich Chemical Company, Inc. and Pefrarch
Systems Ltd. The titanium alkoxide was titaniumi{IV) ethoxide, Ti{OC,-
Hs),, supplied by Alfa Products.

The film-forming mother liquor which served as the precursor solution
was prepared by incorporating the organoalkoxysilane/Ti{OC,H:), mixture
into a methyl alcohol/water mixing medium containing an appropriate
amount of hydrochloric acid. Tn order to produce a clear precursor solution,
it was found to he very important to add the HCI as a hydrolysis accelerator
to the blending material, thereby forming a uniform coating film on the
metal substrates {(see Tabie 2).

The aluminum substrate used in the experiments was 2024-T3 clad
aluminum sheet containing the following chemical constituents: 92 wt.%
Al 0.5 wt.% 5i, 0.5 wt.% Fe, 4.5 wt.% Cu, 0.5 wt.% Mn, 1.5 wt.% Mg,
0.1 wt.% Cr, 0.25 wt.% Zn and 0.15 wt.7% other elements,

Oxide etching of the aluminum was carried out in accordance with
a well-known commercial sequence called the Forest Products Laboratory
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(FPL) process [7]. As the first step in this preparation, the surfaces were
wiped with acetonc-soaked tissucs to remove any organic contamination.
They were then immersed in chromic—sulfuric acid (Na,Cr,0,- 2H,0:H,50
water = 4:23:73 by weight) for 10 min at 80 °C. After etching, the fresh
oxide surfaces were washed with deionized water at 30 °C for 5 min, and
subsequently dried for 15 min at 50 °C.

Coating of the aluminum surfaces using the sol system was performed
in accordance with the following sequence. The FPL-etched aluminum sub-
strate was dipped nto the precursor solution at ambient temperature. The
substrate was then withdrawn slowly from the soaking bath, after which
the substrate was heated in an oven for 20 h at a temperature of 100°C
to vield a solid coating The samples were subsequently heated for 20 min
at temperatures ranging from 200 °C to 500 °C.

Measurements

The combined techniques of infrared (IR), X-ray powder diffraction
(XRD)} and X-ray photoelectron spectroscopy (XPS) were used to obtain
fundamental data regarding the changes in conformation, chemical com-
ponents and states induced by pyrolysis, as well as the degree of network
crosslinking for the Ti compound-modified organosilane polymers at
temperatures up to 500 °C, Alterations to the surface microstructure of the
films after deposition on the aluminum substrate were observed using
scanning electron microscopy (SEM).

Electrochemical testing for data on corrosion was performed using an
EG & G Princeton Applied Research Model 362.1 corrosion measurement
system {8]. The electrolyte was a 0.5 M sodium chloride solution made from
distilled water and reagent grade salt. The specimen was mounted in a holder
and then inserted into an EG & G Model K47 electrochemical cell. Tests
were conducted in an aerated 0.5 M NaCl solution at 25 °C with the exposed
surface area of the specimens being 1.0 cm? The polarization curves con-
taining the cathodic and anodic regions were measured at a scan rate of
0.5 mV 57! over a corrosion potential range of -1.2 V to —0.3 V.

Results and Discussion

Ti{OC,H; )4-modified GPS system

The mix compositions for the GPS/Ti(OC,H;),based precursor solution
systems used in the conformational change and mechanistic experiments
(study 1) are given in Table 2. For each formulation, the GPS to Ti{OC,H;)4
ratio was varied so that the concentration of HCI| needed to produce a clear
precursor solution was mainly dependent upon the GPS/Ti(OC,H;), ratio.
As the proportion of Ti(OC,H:); increased, the required amount of HCI
was increased to form Ti compounds which were susceptible to hydrolysis.
The HCl-catalyzed hydrolysis of TH{OC,H:}, may be depicted as follows:
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=Ti—QC,H, + H* + CI” — =Ti—Cl + C,H.0H
=Ti~Cl + H,0 —* =Ti—OH + HCl

Figure 1 depicts the IR absorption spectra for powder samples contain-
ing GPS to TOC,H;), ratios varying between 100/0 and 30/70 by weight
heated at 200°C. The IR analyses were conducted using the KBr method
which incorporates the powder samples into KBr pellets. In the spectrum
for the Ti{OC,H:),-free bullt GPS polymer samples [see Iig. 1(al], it appears
that the broad peak at ca. 3450 cm™ ' and the weak peak at 1615 em™!
are due to the O—H stretching vibration of hydroxy sroups and the
H—0O—H bending vibration of H,0 molecules, respectively. The strong peaks
at 2950 and 2880 cm™! are ascribed to the C—H stretching mode in the
methyl groups in conjunction with the C—H bending mode at 1480
and 1390 cm™!, The stretching of the Si—CH,— bond in the Si-joined propyl
groups is confirmed by the pronounced peak at 1115 em™' [9, 10]. It is
well known that the peak at 1040 em™! identifies the Si—0-—3i bond in
the polymeric organosilane formed by condensation reactions between
neighboring silanol functions in the hydrolyzed GPS. Thus, the peak in the
vicinity of 800 em™' corresponds to the bending mode of the O—Si—0 bond
[11]. The bands at 3030, 1265, 917 and 837 cm™! which were assigned to
the terminal epoxide rings, CH,—CH—, in the monomeric GPS, no longer

~0-
exist since the GPS monomer was heated to 200 °C. Also, the peak at 700
cm™' reveals the C—Cl stretching frequency [12]. This is likely to be asso-
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Fig. 1. [R absorption spectra [or powder samples heated at 200 °C and having the follow-
ing GPS/Ti(0C,Hg)g ratios: (a) LOO/0; (b) 80/20; (¢) 60/40; (d) 40/60; and {e) 30/70.
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clated with cleavage of epoxide rings caused by the HCl-catalyzed hydrol-
ysis resulting in the transformation of CH,— /H ~~—groups into CH,—~CH ~~
~

O 1 OH

groups [13].

When compared with the spectral features of the sample containing a
GPS/TI(OC,H)y ratio of 100/0, the spectrum [see Fig. 1(b)] for that
with the 80/20 ratio is characterized by a. broad doublet peak in the ab-
sorption range 1150 - 1000 ¢m™'. The major assignments of this doublet
relate directly to the Si—CH, and Si—0—5i bonds.

With the exception of those in the wavenumber region 800 - 600
cm ™!, spectral features similar to those for the 80/20 ratio material were
observed with the samples containing 60/40 and 40/60 ratios. Changes
occurred iIn the peak intensity at 700 cm™! which corresponds to the C--Cl
bond in the C].—CHQ—(FHW groups. Thus, the intensity of this peak di-

OH

minished as a higher proportion of Ti(OC,tls), was added to the GPS. As
is evident from the appearance of a peak at ca. 625 cm™! for the 30/70
ratio sample |Fig. 1{c)j, the addition of an excessive amount of Ti(OC,-
Hs)s seems to result in the production of a crystalline titania (Ti0O;) in the
polymeric organosilane layers, It is very surprising that a prominent peak near
930 cm™!, which would be atiributable to the 5i—O—Ti bond arising from
the formation of the polytitanosiloxane {PTS), is not apparent in any of
the spectra for the Ti{OC.H;)smodified organesilane peolymer samples
heated at 200°C. This suggests strongly that, at this temperature, a sub-
stantial amount of the PTS polymer was not present in these material sys-
tems. Thence, the hydroxylated tifania derived from the hydrolysis of
Ti(OC,H;)y appears to react preferentially with the C—Cl groups rather
than with the silanol groups, Si—OH, formed by hydrolysis of the methoxy-
silane groups in GPS. A possible reaction occurring between the C—Cl
groups in the polymeric organosilanes and the hydroxy groups in the
hydrated Ti compounds may be written as:
—HC(ClI
=Ti—OH + ClmCHz—‘(?H e ——p EI‘E*O—CHQ—(?HMN— + HCl
OH OH

This suggests that the shoulder absorption bands detected at ca. 1290 cm™!

in the Ti compound-modified GPS polymer systems may be attributed to
the Ti—O—C linkages in the E‘I‘i—O—-CHz—(?H ~~— compounds,

OH
Figure 2 illustrates the IR spectra for the series of samples heat-treated
at 300°C. At a 100/0 ratio [Fig. 2(a)| the major differences ohserved in

the spectrum to that previously described for the sample heat-treated at
200 °C are as follows: (1) a slight shift of the absorption corresponding to
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Fig. 2. IR absorption spectra (ot powder samples heated at 300 °C and having the [ollow-
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the Si—O—Si bonds at 1040 cm ™! toward a higher wavenumber {1055 ¢cm™'};
(2) disappearance of the peaks at 1115 ¢m ! and 700 ¢cm™! which correspond
to the Si—CH, and C—Cl bands, respectively; and (3) a considerably di-
minished intensity for the peaks at 2950, 2880, 1460 and 1390 cm™'. This
implies that heating to 300 °C leads to the elimination of a large number of
carbonaceous groups such as CH,0 and CH,CHO from the polymeric organo-
silane networks. The conversion of the polymeric crganosilane into the
inorganic polysiloxane network structure occurs around this temperature.
It is also evident from the weak peak at 1615 cm™! that the samples treated
at 300 °C still contained traces of water. This may have been due to the
presence of water adsorbed from the atmosphere at ambient temperature
during the preparation of the IR samples.

Attention was then focused on the spectra for samples containing
80/20 and 60/40 ratios, since the appearance of the Si—O—Ti linkage in
the vicinity of 930 em™' indicates the formation of PTS networks. In
conjunction with the Si—0O—Si band at ca. 1050 em™! it is possible that
PTS can be produced at 300 °C through the network transition processes
shown below.

At high temperature, pyrolylic changes in conformation appear to
occwr while numercus organic groups arc eliminated from the Ti-incor-
porated organopolysilane network structures. Onece the transition is com-
pleted the Ti etements located in the networks act as a crosslinking agent
which connect directly beftween the polysiloxane chains. The extent of
Ti crosslinking depends mainly on the GPS/Ti(OC,Hs), ratio. This is evident
from the absorption intensity at ca, 930 c¢m ! which becomes weaker as the
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proportion of Ti(OC,H), is increased. As seen from the spectrum for the
40/60 ratio sample [Fig. 2(d)], a very weak band is present at 930 em™'.
The strong peak near 625 em™! reveals the formation of a large amount of
TiO,. ¥From the above information, it can be concluded that to assembie
highly crosslinked PTS networks at 300 °C, it is essential that the proper
ratio of GPS to Ti(OC,H ), be employed.

When the heat-treatment temperature was increased to 400 °C, the peak
in the 2900 cm™! region of the IR spectra disappeared for all the samples.

This is shown in Fig. 3 and suggests that the residual organic compounds
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Fig. 3. IR absorption spectra for powder samples heated at 400 °C and having the follow-
ing GPS/TI{OC, Hs)s ratios: (a) 100/0; (b) 80/20; (e) 60/40; (d) 40/60; and (e) 30/70.
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were virtually removed completely from the PTS networlis. With that ex-
ception, the spectral features for the samples heat-treated at 400 °C were
similar to those for the samples heat-treated at 300°C. On comparing the
results for samples heated at 500 °C (see Fig. 4) with those for samples
heated at 400 °C, no specific changes and shifts in the absorption bands
can be seen for any of the samples.

In order to obtain information supplementary to the above findings,
Y-ray powder diffraction {XRD} analyses were performed on the 100/0,
63/40 and 40/60 ratio samples heat-treated at 200 °C and 500 °C, respective-
ly. The resulting XRD patterns extending over the diffraction range 0.183 -
1.404 nm are depicted in Fig. 5. No spacing lines were detected over this

Transmittance
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Fig. 4. IR absorption spectra for powder samples heated at 500 °C and having the foilow-
ing GPS/Ti{OC,Hg ) ratios: {a) 100/0; (b) 80/20; (c) 60/40;(d) 40/60; and {e) 30/70.
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Fig. 5. XRD traces for (a) 10040, (b) 60/40, () 40/60 GPS/TI{OC1He)a ratio samples
heated at 200°C, and for (d) 100/0, {e) 60/40 und () 40/50 GPS/Ti{OC,Hs)s ratio
samples heated at 500 °C.
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diffraction range for the 100/0 and 60/40 ratio samples heated at 200 °C and
500 °C, indicating that these polymeric organosilanes are substantially amor-
phous. In conirast, the reflections observed at 0.169, 0.189, 0.236 and 0.350
nm for the 40/60 ratio sample heated at 200 “C indicate the presence of an-
atase {TiO,} crystallites in the organopolysilane layers. Based upon the
growth of the anatase line intensities upon heating to 500 °C, the amount of
anatase crystals formed in the amorphous neiwork structure seems fo in-
crease with temperature. Hence, it appears that high proportions of Ti{OC,-
H.)4, as in the 40/60 and 30/70 ratio samples, resuit in the formation of
crystalline anatase particles in the amorphous polymeric layers at temper-
atures as low as 200 °C.

On the basis of the above findings, our interest then focused on the
influence of pyrolysis-induced changes in the conformational and chemical
states of Ti compound-incorporated organosilane polymers on the ability
to fabricate coating fims as a function of temperature. Films were pre-
pared by first dipping the FPL-etched aluminum substrate into the film-
forming precursor solution and then heating it in an oven at 100 “C for 20 h.
The thickness of the films adhering to the substrate was determined using
a surface profile measuring system; thus for coatings preheated to 100 °C
it was found that such thicknesses were in the 7-12 um range. The
morphological and topographical alterations in the coating surface as a func-
tion of both the GPS/Ti(OC,H;), ratio and the heating temperature were
investigated using SEM methods.

Figure 6 depicts the SEM images for coatings treated at 200 °C. The
surface microtexture views of the 100/0 [Fig. 6(a)] and 60/40 [Fig. 6(b}]
ratic coatings reveal a continuous film over the entire surface including
small and large pits. In comparison to these smooth surface morphologies,
a rough surface texture containing a microcrack was abserved for the 40/60
ratio coating [Fig. &(c}]. Increasing the Ti(OC,H;), concentration to
produce a 30/70 ratio sample resulted both in an increased number and size
of the cracks [see Fig. 6(d}]. Partial separation of the film from the sub-
strate was also apparent. The cause for the crack development encountered
during drying of the sol-derived coatings is primarily the generation of
stresses within the film layers brought about by differences in thermal
expansion and/or differential shrinkage bLetween the film and substrate.
Such stresses generated at the film—substrate interface result in the dis-
pondment of the film from the substrate [14 -16]. As a result, it can be
rationalized that the introduction of in situ sintered crystalline anatase
particles into the amorphous polymer layers leads to the formation of poor
coating films of a fragile nature, When the film-treatment temperature was
raised to 300 °C, samples containing a GPS/Ti(QOC,H;), ratio of 100/0
experienced severe damage. This is shown in Fig. 7(e). The failure appears
to be due to pyrolytic changes in conformation of polymeric organosilane
resulting from the elimination of organic species from the network struc-
ture. These conformational changes eventually result in excessive shrinkage
of the film. Although the elimmnation of carbonaceous compounds occurs
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(a) ir3 S

Fig. 6. Scanning electron micrographs for

systems heat-treated at 200 °C, The micrographs correspond to the following GPS/Ti-
(OC,;Hg)g ratios: {a) 100/0; (b)Y 60/40: (¢) 40/60; and (d) 30/70,

k]
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Fig. 7. Compsrison of fiim surface morphologies for GPS/TI(OC,H: )4 coatings heat
treeted at 300 °C. The micropgraphs correspond Lo the following GPS/Ti(QOC,115)4 ratios:
(e} 100/0; (1) 60/40: and (g) 10/60,
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progressively at this critical temperature, the SEM microstructure view
of the 60/40 ratio film [Fig. 7(f)] discloses a much lower magnitude in
shrinkage and/or stress cracks. This strongly suggests that the crosslinking
ability of the Ti compounds, which connect directly between the polysilane
chains, acts significantly to suppress the development of stress cracks. Thus,
it is inferred that the network structure of PTS polymers formed by pyro-
lytically induced conformational changes in Ti compound-modified organo-
silane polymers contributes to the maintenance of film shape at high tem-
peratures. In contrast, the 40/60 ratio film [Fig. 7(g)] developed numerous
cracks probably because of the increased amount of sintered anatase crystal-
lites in the amorphous polymer layers.

SEM images coupled to energy-dispersive X-ray (EDX) data for a
60/40 ratio coating heat-treated at 500 °C are given in Fig. 8. The general
method for preparing specimens for the SEM study was to deposit a gold
film onto the sample surface. Hence the gold indicated by EDX arose from
that source. As expected, an increase in flaw width with respect to the
direction of crack propagation is visible in the microstructures. Upon en-
largement of a portion of the crack areas, EDX examination of site No. 1,
which was at a distance of ca. 15 pym from the edge of a crack, revealed
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Fig. 8. SEM images and EDX analyses of 60/40 GPS/Ti{OC;Hs)g ratio coating films
heat-treated at 500 °C.
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Fig. 9. Changes in XPS elemental composition at the outermost surface sites of a 60/40
coating [ilm as a function of film-treatment temperature,

excitation of weak peaks corresponding to the elements Si and Ti in conjunc-
tion with the principal peak of Al associated directly with the subsirate.
A possible reagson for the presence of small quantities of Si and Ti in the
crack region could be that the surfaces in the crack zone contained a thin
film of PTS polymer adhering to the substrate. This would indicate a strong
adhesive force at the interface between PTS and aluminum.

Figure 9 illustrates the changes in elemental composition at the surface
sites of 60/40 ratio coating films arising as a function of temperature. These
quantitative data were obtained by comparison of the XPS peak areas which
were then converted into the elemental concentrations by using the differ-
ential cross-sections for core level excitation. For the coating surfaces
preheated at 100 °C, the principal element at the outermost surface sites
was carbon originating from carbonaceous groups in the Ti compound-
incorporated organasilane polymer. The secondary predominant element
was oxygen. The percentages of detected silicon, titanium and cblorine
atoms were 11.4%, 3.2% and 6.6%, respectively. After heating to temper-
atures between 200 °C and 300 °C, the XPS signal intensity for carbon
decreased rapidly, thereby revealing a considerable loss in the concentration
of this element. Above 300 °C this concentration appears to diminish
further only slowly. At this point, it should be noted that at =300 °C the
detected carbon arises not only from the residual carbonaceous groups on
the PTS swface but also from carbon contaminants adsorbed from the
atmosphere. A similar trend for the variation in concentration of the Cl
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atom was alse observed. This relates to Cl~-CH,—CH— which is completely

H

eliminated at 300 °C from the sample surfaces. In contrast, marked increases
in atomic concentrations were noted for O, 5i and Ti between 200 °C and
300 °C. Further increases in temperature had little, if any, effect on these
atomic concentrations. The above XPS results are in agreement with the [R
data discussed earlier in this paper, viz. conformational changes to the
inorganic PTS polymer from Ti compound-medified organosilane polymers
ocelr over the temperature range 200 - 300 °C.

The Ti oxide-organosilane polymer — PTS ftransitions can also be
identified from the spectra in the Si,, and Ti,, core level regions which are
of particular interest. The binding energy (BE) scale for these spectra were
calibrated with the C,, peak of the carbonacecus and contaminated hydro-
carbon peak fixed at 285.0 eV as an internal reference standard. Figures
10 and 11 represent the Si,, photoemission and Ti,, doublet separation
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Fig. 10. Siyp spectra for GPS/Ti(OClg}s 60/40 ratio coating surfaces thermally treated
at (a} 100°C, (b} 200 °C, (¢) 200 °C and {d) 400 °C, respectively.

Fig. 11. Tiy, separation spectra for GPS/Ti(OC;Hs)g 80/40 ratio coating surfaces ther-
mally treated at (a) 100 °C, (h) 200 °C, {c) 300 °C and {d) 400 °C, respectively.



187

spectra for thermally treated 60/40 ratio coating surfaces. In the Si,, region,
the peak at 101.1 eV for the coating surfaces pretreated at 100 °C [Fig.
10(a)] may be assigned to the Si originating from the polymeric organo-
silane. The spectrum [Fig. 10(b)] for the sample heat-treated at 200 °C
exhibits a shift in the peak to a higher BE site. A further shift in the peak
to a BE of 103.2 eV occurred when the coating was treated at 300 °C [Fig.
10(¢)]. No further shift occurred for the coating surface heat-treated at
400 °C [see Fig. 10(d)].

Trends similar to those for the Si,, signal were observed in the sep-
aration spectra for the Tiy,,,, and Tiy, , lines. These are shown in Fig. 11.
Specifically, the Ti,, peak remained at a separation distance of 5.7 eV
between the 2p;,, and the 2p,,, energy shifts to higher BE sites as the
treatment was increased from 100 C to 300 °C. Likewise, a further in-
crease in temperature to 400 °C induced no further shift in the 2p doublet
line arising from the sample heat-treated at 300 °C [Fig. 11(d)]. Based
upon these observations, the shifts in the Si,, and Ti,, peaks to higher BE
levels at <300 °C seem to be associated with the silicon and titanium
originating from the PTS polymers.

All of the above data were correlated with the effectiveness of the
pyrolytically transferable coating materials in providing corrosion protec-
tion to FPL-etched aluminum. The corrosion data were obtained from
the polarization curves for coated aluminum samples upon exposure in an
aerated 0.5 M NaC! solution at 25 °C. The typical cathodic—anodic polariza-
tion curves of log({current density) versus potential for all of the coated
sample studied in this work were similar to those reported for other ma-
terials by several investigators [17 - 19] and were characterized by a rapid
increase in the current density at a particular voltage in the anodic region.
This voltage i3 commonly described as the critical pit initiation potential.
The curves also exhibited a short Tatel region for cathodic polarization,
but no Tafel region was found at the anodic sites.

Literature data [19] indicate that the electrochemical procedure used
to evaluate the corrosion protective performance of coatings involves mea-
suring the corrosion current [, by extrapolation of the cathodic Tafel
slope. This has been undertaken for all the specimens studied in this work,
and the variation in the /... value has been plotted as a function of the
treatment temperature. The results obtained are depicted in Fig. 12. As
shown in the figure, the protective ability of the coatings depends primarily
on the GP5/Ti(OC,H:), ratio and the treatment temperature. For the coating
series preheated at 100 °C, the highest I, value measured was 2.6 uA for
the 30/70 ratio coating. Since a low /... value is predictive of good corro-
sion protection, the 30/70 ratio coating should yield poor protection. SEM
micrographs for this coating surface revealed numerous stress eracks prob:
ably caused by the conversion of in sifu sintered crystalline titania in the
amorphous coaling layers. As expected, the /., value for the 30/70 coatings
treated at higher temperatures remained essentially constant. In contrast,
the 100/0, 80/20 and 60/40 ratic coatings pretreated at 100 °C exhibited
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Fig. 12. Variation in the corrosion current {.o for aluminum substtates coated with
various GPS/Ti(OC,H;s)s ratic systems as a function ol the {ilm-treatment temperature,

feore Values approximately one order of magnitude lower than that for the
30/70 coating. Thus, good corrosion protection is predicted. However, when
the 100/0 ratio coatings pretreated at 100 °C were heated at higher temper-
atures for 20 min, the [, values increased with temperature up to 300 °C
and then leveled off at a value approximately equal to that for the 30/70
ratio sample. It is reasonable to interpret that this is due mainly to damage
caused by pyrolytic changes in the conformation of polymeric organosilanes.
Hence the coatings no longer protect the aluminum substrates from cor-
rosion. The [ ,,—temperature relations for the 80/20 and 60/40 ratio
coatings indicate that although microcracks form on the film surfaces at
300 °C, the I_,,, values after treatment at 400 °C are almost equal to those
for the coatings pretreated at 100 °C. This suggests that PTS coating films
formed from in situ conformational changes at 400 °C provide corrosion
protection for aluminum. In the case of PTS coatings heat-treated at 500 °C,
the protective ability for both the 80/20 and 60740 ratio samples appears
poor.

Ti{OC,H s ),-modified organosilanes

On the basis of the above information obtained from the Ti(OC,Hs)—
GPS system, work was initiated to define the role of the monomeric organo-
silane structure in promoting and retarding the densification and/or network
connectivity of the Si—O—Ti bonds formed in PTS as a function of temper-
ature. These findings were then related to.the corrosion protective per-
formance in order to develop an advanced PTS coating system.
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With the exception of GPS, all of organosilanes listed in Table 1 were
used in these studies, A film-forming precursor soiution composed of 30
wt.% of the particular organosilane, 20 wt. % Ti(QOC,Hs),, 30 wt.% CH,OH
and 20 wt.% water was empioyed to produce the PTS polymers. The re-
quired concentrations of the HCI hydrolysis promoter needed to prepare
clear precursor soiutions were dependent upon the species of organosilane,
and for the TS, BTSE, ECS, APS and TSPI systems were 40%, 50%, 40%,
50% and 30% by weight of total mass of organosilane and Ti(OC,H;:),,
respectively.

Since the presence of Si—0—Ti linkages in the PTS can be readily
identified from the IR absorption peak at ca. 930 em™), the extent of the
densification of this linkage was estimated by comparing the absorbances
at ca. 930 cm™! for the PTS samples derived from the various organosilane-
Ti(OC,Hs), systems. As previously discussed, samples for IR analyses were
prepared by incorporating the powdered samples into KBr pellets. Figure 13
summarizes the resulting variations in absorbance plotted as a function of
treatment temperature. It is evident from the data that the extent of densi-

0.12- —— o GPS/TI{OC:H)a
——+——APS/TI(OC,H),
—— e TSPITI (OC,H),
o TS/THOCH),
— 0—— ECS/TI{OC,H,),
L wmmo——BTSE/TI{OC,H),
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P
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200 Joa 400 500
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Fig. 13. Changes in the IR absorbance corresponding to the Si—O—Ti bond st ca. 930
em™! for Ti compound-incorporated organosilanes preheated 1l temperatures within the
range 200 - 500 *C.
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fication of Si—0O—Ti bonds is dependent upon the reactive organic func-
tional groups attached to the terminal carbon of the methylene chains
within the monomeric organosilane structures. For instance, TS and BTSE
can be classified 4s organosilanes having only hydrolyzable alkoxy groups
{OCH; and OC,H:} bound to silicon, but they do not have any terminal
functionalities. Both materials exhibited high absorbance values at ca.
930 cm ! after pretreatment at the relatively low temperature of 200 °C.
This implies that a PTS containing a highly densified Si—~0O—Ti bond was
formed at this temperature. However, at temperature above 200 °C the
absorbance values decreased significantly. This suggests that the Si—O—Ti
bonds in PTS networks derived from the Ti{OC,H:),~TS and ~BTSE systems
decompose at elevated temperatures. The processes for Si—O—Ti bond
breakage at high temperature are not clear. For the Ti{(OC,H;),—APS
systems, the measured absorbances for samples pretreated at 200 °C and
300 °C were about 0.069, a value approximately 50% lower than that for
the TS system after pretreatment at 200 °C. Hence this value was assumed
to be representative of a moderate densiflication of Si—0O—Ti bonds. In-
creasing the pretreatment temperature above 300 °C resulted in a decrease
in absorbance, but the extent ol reduction was considerably less than that
for the TS and BTSE systems. This demonstrates the greater stability of
the Si—O—Ti bond at high temperatures. From the above results, it can
be inferred that condensation reactions occurring at low temperatures
between silanol groups in hydrelyzed organosilanes containing an amino,
Le. —NH,, group or no reactive terminal groups, and the OH groups in
hydroxylated Ti compounds, lead to the formation of Si—Q—Ti bonds:
-H;0

=$i—OH + HO—Ti= — > =5i—0—Ti=

In contrast, an absorption peak at 930 cm™ was not detected for
GPS-, ECS- and TSPI-Ti{QOC,H:), systems pretreated at 200 °C. These

O . .
organofunctional silanes contain acyclic, CH, CH—, and alicyelic,

1

O~ . L
—(CH——CH—, oxirane rings and a dihydroimidazol, PD\I—, ring, and they

appear to have little, if any, affect on the formation of PTS at 200 °C. A
possible explanation for this is that the OH groups in the hydroxylated Ti
compounds react preferentially with the Cl in the Cl-terminated end groups
derived from the cleavage of the oxirane rings brought about by the nucleo-
philic attack of ClI™ and HY, rather than the silanol formed by acid-catalyzed
hydrolysis of alkoxylsilane in the organofunctional silane structures:

=Ti—0H + Cl—-CH,—CH— ETi—O—CHz—(llH—
A)H OH
. | —HCl I
=Ti—OH + Cl—-CH—CH— — =Ti—0—CH—CH—

| l
OH OH
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Since the imidazol group acts as a strong base by accepting a proton [20],
nucleophilic attack of H* on the dihydroimidazol nitrogen results in bond
breakage at the N—CIH, linkage [2] - 23]. This breakage leads to the forma-
tion of a Cl-substituted end group which then reacts with the hydroxylated
Ti compounds:

- | |
|  N—(CH,);—Si— + H* + CI” — N—H + Cl—(CH,);—Si—
N=—" | N—~ I

¢

' ~HC! !
=Ti—0H + 01—(CH1}3—S|1- — ETE—O—(CH1]3—S|1—

As reported earlier, a prominent IR peak at ca. 930 ¢m™! was observed for

these systems when the samples were heated at 300 °C for 20 min. Above
this temperature, the absorbance value increased slowly. This suggests that
the in situ conversion of the Ti compound-incorporated organosilane
polymers into PTS occurs progressively at temperatures ranging from 200 °C
to 300 °C.

When the formation and the decomposition of PTS associated with
breakage of the Si—O—Ti bonds are considered, the monomeric organo-
silane materials used as precursors for PTS can be categorized into the
following types: (1) alkoxysilanes, such as TS and BTSE which do not
contain organic functionaries, produce a highly densified Si—O—Ti linkage
in PTS at a temperature of 200 °C; however, breakage of the Si—O—Ti
bond occurs above 200 °C; (2) APS containing an amine functionary yields
moderate densification of 8i—0O—Ti linkapges at 200 °C, and the degree of
bond breakage is small over temperatures ranging from 300 °C to 500 C; (3)
as far as GPS and TSPI are concerned, organofunctional silanes having acy-
clic oxirane and imidazole rings act to promote in situ conversion into PTS
over the temperature range 200 - 300 °C, but above these temperatures the
rate of Si—O—Ti densification increases slowly; and (4) ECS having an ali-
cyclic oxirane ring yields a low rate of conformational change in PTS at 300
°C, but the extent of Si—(—Ti linkage increases markedly with increased
temperature.

Since the emphasis of this part of our study was to evaluate the coating
film formability of PTS and to determine its corrosion protective per-
formance, films overlaid on FPL-etched aluminum surfaces were prepared
using a procedure similar to that for the GPS-TiQC,H:), system. The
film thicknesses of the TS—-, ECS8-, APS— and TSPI-Ti(OC,H.}, systems,
precured at 100 °C for 20 h, were 9.0, 12.5, 11.8 and 11.0 um, respectively.

Figure 14 depicts the SEM images obfained for coating film surfaces
preheated at 200 °C. The surface microtexture of the TS coating system
[I*ig. 14(h}], which can be classified as a PTS polymer having a highly
densified Si—0O—Ti bond, displays numerous cracks which are indicative of
the creation of large stresses. Although not shown in the figure, the BTSE
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Fig. 14. SEM images for (h) TS, (i) ECS, (j) APS and (k) TSPI system coating films heat-
treated at 200 °C.

system produced a similar surface morphology. This suggests that the use
of PTS polymers which have excessively densified 3i—C—T1i bonds produces
poor coating films. Compared with the TS system, the ECS coating system
produced much less cracking. This is shown in Fig, 14{i). Except for the
development of few microcracks, the APS and TSPI coatings [Fig. 14(])
and (k)] exhibit excellent surfaces.

The SEM micrographs of these coating systems after exposure for 20
min in air at 300 °C are shown in Fig. 15. As expected, the surface of the
TS coating [Fig. 15(1}] displays newly developed and propagated cracks.
The crack width in the ECS coating pretreated at 200 °C increased upon
heating to 300 °C [Fig. 15(m)]. This led to the local separation of the film
from the substrate. In contrast, the APS and TSPI coatings [Fig. 13{n) and
(0)] showed no filmm damage other than the appearance of a clear crack
line.

Significant cracking occurred when the APS coatings were heated at
500 °C [see Fig. 16(p)]. Heat damage and distortion of the aluminum
substrate was apparent, but after heating for 20 min at 500 °C the TSPI
coating was not damaged. This is shown in Fig. 16{(q). Accordingly, PTS3
coating films derived from the Ti{(OC,H;),—TSPI system appear to have the
best stability at elevated temperature, possibly due to moderate densification
of the 8i—0O—Ti bonds in the PTS network structure,
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Fig. 16. SEM micrographs for (p) APS and {g) TSPl system coatings heat-treated at
500 °C.

The corrosion protective performance of PTS coatings derived from
various organosilane-Ti(OC,H;), systems has been determined by comparing
the corrosion cwrent {(f.,) values deftermined from the cathodic Tafel
slopes. Although some coating systems such as TS and APS are pyrolytically
converted into PTS networks at 200 °C, the corrosion tests in this study
were performed on PTS coatings formed on the FPL.etched aluminum at
300, 400 and 300 °C, respectively., The resultant changes in [y (#A) for
these coating specimens are listed in Table 3. After heat treatment at 300 °C,
the lowest fu,, value (2.0 X 10™% uA) was measured on the PTS coatings
derived from the TSPI system. The APS system produced the next lowest
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TABLE 3

Comparison of corrosion current ([,q;,) values for PTS coatings derived from various
organosilane=Ti{OC,Hs)q systems preheated for 20 min at 300, 400 and 500 °C, respec-
tively

Coating system { opy values (1A} obtained after pretreatment al

300 °C 400 °C 500 °C
TS-TH{OC,Hs)s 2.3 2.5 2.8
ECS-Ti{OC,Hs), 2.6 x 107! 9.1 x 107! 1.5
GPS-Ti(OC,Hs)y 35x107! 6.0x 1074 0.5
APS-TI(OC,; 5], 8.5 x1072 5.8 x 1077 1.2
TSPI-Ti(OCaH )4 2.0 x 1077 4.6 % 107! 9.8 x 107!

Ion value. These values were approximately two orders of magnitude less
than that for the TS system. The data also indicate that the /.., values for
all of the PTS coatings formed after pretreatment above 300 °C increased as
the film-treatment temperature was raised, probably as a result of the
increased size and number of cracks in the films, For all treatment temper-
atures, PTS coatings derived from the TSPI system imparted the best cor
rosion protection, and after preheating at 500 °C the [, value was still
of the order of 107 uA. Hence, the findings indicate that a most effective
PTS protection coating can be derived pyrolytically from the TSPI/Ti(OC,-
H.), precursor system by heating at temperatures =300 °C,

Conclusions

Polytitanosiloxane (PTS) polymers containing Si—O—Ti linkages
have been synthesized through hydrolysis—polycondensation or hydrolysis—
poelycondensation—pyrolysis reactions involving clear precursor sol solutions
consisting of monomeric organosilanes, Ti(QOC,H;),, methanol, water and
hydrochloric acid. The purpose of the HCI in the precursor solution was to
promote the hydrolysis of organosilane and Ti{OC,H;),, thereby producing
the clear sol solution necessary for the fabrication of uniform and smooth
coating films. The ratios of organosilane to Ti{OC.H;), in the compositions
play a major role in forming the PTS polymer, viz, an excessive amount of
TI(OC,Hs), leads to the formation of in sitw sintered anatase crystallite in
the amorphous organosilane polymer layers rather than forming amorphous
PTS. The sol-derived coating films were prepared by dipping FPL-etched
aluminum substrates into the film-forming precursor solutions. When the
quality of corrosion protection provided to aluminum by the application of
PTS coating was considered, this was found to depend upon the PTS film-
forming processes or mechanisms, as well as the extent of Si—O—Ti bond
densification in PTS networks. All of these factors were dependent on the
species of organosilane reacted with the hydroxylated Ti oxide compounds.
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silyljethane (BTSE), produced PTS networks at relatively low temperatures
(<200 °C). This network structure was formed by condensation reactions
oceurring between OH groups in hydroxylated Ti oxide compounds and the
silanol groups in hydrolyzed organosilanes.

It was found that when such PTS networks were derived from TS—
and BTSE-Ti(OC,H:)s systems, the extent of Si—0O—Ti densification was
considerably higher than when they were derived from other systems.
However, PTS polymers containing a highly densified Si—O—Ti bond
vielded coating films containing numerous stress cracks and thus provided
poor corrosion protection. In addition, breakage of the Si—0O—Ti bonds
occurred progressively when the PTS films were heated at temperatures
above 200 °C.

At film-treatment temperatures of 200 °C no PTS formation was ob-
served in materials produced through hydrolysis-polycondensation reactions
involving [-(3,4-epoxycyclohexyl)ethyltrimethoxysilane (BCS)~, 3-glycid-
oxypropyltrimethoxysilane (GPS)- or N-[3-(triethoxysilyl)propyl]-4,5-di-
hydroimidazole (TSPI-Ti{OC,H;), precursor systems. This indicates that
the OH groups in hydroxylated Ti oxide compounds react preferentially
with the Clterminated or -substituted end groups formed by HCl-induced
hydrolysis of oxirane rings in BCS and GPS (or the dihydroimidazole groups
in TSPI) rather than with the silano! groups in hydrolyzed organosilanes.
Amorphous Ti compound-incorporated organosilane polymer was identified
as a reaction product. The in situ transition of this reaction product into
PTS networks occurred progressively at treatment temperatures between
200°C and 300°C. In other words, PTS networks were formed by the
pyrolytic changes in conformation of the Ti-incorporated organosilane
polymers involving the elimination of a large number of carbonaceous species
from the original polymer structures at elevated temperature. Thus, the
smaller number and short length of the hydrocarbon chains connecting
between the Ti and Si atoms in the precursor Ti-organosilane polymer
resulted in less shrinkage of the pyrolyzed film. This PTS network was
characterized by meoderate densification of Si—O—Ti bonds. Further in-
creases in pretreatment temperature to 400 C resulted in slight increases
in densification. Although some stress cracks were observed on the surfaces
of coating films fabricated at 300 °C and 400 °C, PTS coatings possessing
moderate Si—O—Ti densification provided good corrosion protection for
aluminum. Finally, the most effective organosilane for use in the fabrica-
tion of PTS coatings leading to good corrosion protection was N-{3-(tri-
ethoxysiiylypropyl]-4,5-dihydroimidazole.
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The factors governing the film-forming performance of pre-ceramic polygermanosiloxan (PGS) coatings for aluminum {Al)
substrate surfaces were investigaled. The coatings were prepared 1hrough the hydrolysis-denydrochlonnaiing and dehydrating
condensalions-pyrolysis reactuons of a sol-precursor soluton consisting of N-[3-(triethoxysilylypropyl]-4.5-dihydroimidazole,
GelOC; H, )y, water, CHLOH. and HCI. Six factors were important in obiaining a good film: (1) the high spreadability of the
sol solulion on the Al surfaces: (2) the formation of organopolygermanosiloxane ai sintering temperatures of 150°¢: (3t the
pyrolytic conversion at 350° C into an amerphous PGS netwaork strueiure in which the Si-0-Ge linkages were moderately
enhanced; {4} the persisience of only minimum amounts of organic by-products; (5) the non-crystalline phases: and {6) the
formation of interfacial oxane bend between PGS and aluminum oxide.

I. Introduction

Ceramue coalings have nol yet been widely em-
ploved on aluminum and magnestum alloys. and
on other low melting-point metal subsirates. There
are two main reasons for this. First, coutings must
adhere well und have an appropriate ¢xpansion
coefflicient, especially during temperature eycling,
otherwise the coatng will separate from the sub-
strale. Second, many ceramce coatings must be
applied and processed at high 1emperature
{ > 1000 °C), using cxpensive and ltme-consuming
melhods. such as chemical vapor deposition.

To solve these problems with conventional
ceramic coatings, our previous work [1.2] focused

upon the syntliesis of pre-ceramic inorgunic polv-
metallosiloxan (PMS) polvmers. and upon the
characieristics of the synthestzed PMS as corro-
sion-protective voatings on aluminum substrates.
The polymers were synthesized through the hy-
drolysis-dehvdrochlorinaung and debydrating
condensations-pyrolysis  reactions  of  sol-gel
‘patat’ precursor solutions, consisuing of N-[-3-
{triethoxysilylypropyij-4.5.-dihydroimidazole
(TSPI). the metal alkozides. M{OR,. (where M s
Ti or Zr. and R 15 C.H, or C,H,). with hydro-
chloric acid as a hydrolvsis aceelerator. aad
melhanol, and water. We suggesied that this reac-
tion occurs in the following sequence.

(1) HCl-catalvzed hydrolvsis of TSPl and
= M{OR) it room |emperijure,

S B F IS . . A
F/BN—WH:;,ﬁsu()( JHi)y ————— CL—(CH. ), —SitOH), + NI
N ey N
® Tlins work was perforimed under the auspices of the Lis
Depaniment of Goorgy, Wastingion, DO under Contraen
No DE-ACOZ-76CT K6, snd supported by the US Army 2 Lo 1L 1 Y S
=M(OR - An = .
Ruesearch OFfice Program MUEPR- ARO- 103490, ( J MiOH);
DO 3093 9] /503 3 199 Llsevier Saence Publishiers BV (MNarth- Haltaind)y
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(2) dehydrochlorinaung and dehvdrating con-
densation at the sintering temperature of 150°C,

==M(OH) + Cl—(CH.),—Si(OH),

— » =M—0—(CH,), —S8i= + =Si—O0—(CH,), —Si= + =M—0—M=

+=851—0— M= + anHCl + nH,O;
(3} pvrolysis at 350°C,

l il
T
I

O O

=M —O0—(CH.}.—51= ‘ ‘

=Si—0—(CH,),—Si=
=M—0—M= f f
=Si—0—M=

in the first reaction stage, the HCl-catalyzed hy-
drolysis of TSPl promotes the cleavage of the
N-CH,- finkage. and then breakage of this bond
leads to the formation of the imidazoline deriva-

Y

uve, N ‘_}/NH

and the organosilanol compounds containing Cl-
substtuted end groups. At the same time. the
hydrolysis of the metal atkoxides forms hydroxyl-
ated metal compounds. The dehydrochlorinating
and dehydrating condensation reactions between
these hydrolysis-induced compounds occur in the
150° C-sintering processes of sol-precursor solu-
tion. The pyrolytic treatment of the sintering
organometallosiloxane as a final stage induces the
formation of PMS network structures, while caus-
ing the volatlization of carbonaceous species from
the sintered compounds. When this PMS was used
4s a corrosion-protective coating for aluminum
substrates, we found that two factors were im-
portant in making uniform. continuous coatings
on the substrates: (1) the degree of densification
of metal-0O-5i linkage, and (2) the bond forma-
tion at the PMS—-aluminum interfaces,

As part of our work to develop the advanced
PMS coalings. our objectives were to examine the
charactenistics of polygermanosiioxane (PGS) de-
nved from the sol-gel solution containing two
main film-forming components, TSPl and ger-
manium ¢thoxide |Ge(OC,Hy), | and 1o invest-

* L §i—Q—Sivn.

gate the ubility of such films to protect the alumi-
num substrate from the attack of corrosive fluids.

2, Experiments
2.1, Materials

M-[3-(triethoxysily}propyl]-4.5.-dih ydroimida-
zole (TSED. supplied by Petrarch Systems Lid.,
was used as a newwork-forming monomeric
organoalkoxysilane. The germanium (IVY-ethoxide
(Ge(OC,H,),| obtained from Alfa Products was
emploved as a cross-linking agent.

The film-forming mother liquor which served
as the precursor solution was prepared by incor-
porating the TSP1-Ge(OC,H;), mixture into a
medium of methyl alcohol,/ water containing HCI
as a hydrelysis accelerator. To produce a clear
precursor selution. 1t was very important to add
the HCI to the blending material. thereby forming
a uniform coatung film on the metal substrates,
Table 1 shows the compositions of the precursor
solutions used in this study.

The metal substrate used was 2024-T3 clad
aluminum sheet, contaiming the following c¢hem-
ical constituents: 92 wt% Al 0.5 wi% Si. 0.5 wi%
Fe, 4.5 wi® Cu, 0.5 wt'd Mn. L3 wi% Mg, 0.1 wi1%
Cr. 0.25 wi% Zn. and 0.15 wt% ather,

The oxide etching of the aluminom was carried
out in accordance with a well-known commercial
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Table 1
Compesitions af ¢lear precursor solutions used in Ge(QC.H ), -TSPI1 sysiems
TSPL/Ge(OC, Ha iy TSPI Ge(OC, Ha )y (H,OH Water HCT (wi%),
(w1 talio) (wi%) (wiB) (wi%) {wi1%) TSPl -
Ge(QC, Hq ),

100,70 50 - 30 20 15

90 /190 45 5 30 20 13

80,720 40) 19 10 20 15

70430 35 15 30 20 13

sequence called the Forest Products Laboratory
{FPL) process (3] As the [irst step in the prepara-
tion. the surfaces of the sheets were wiped wath
acetone-soaked tssues Lo remove any organi¢ con-
tamination. They were then immersed 1n
chromic-sulfuric acid (Na,Cr,0, - 2H,O :
H,S0, :water = 4:23:73 by weight) for 10 min
at 80°C. After etching. the fresh oxide surfaces
were washed with deionized water at 30°C for 5
min. and subsequently dried n air for 15 min at
50°C.

Coating of the aluminum surfaces using the sol
svstem was performed in the following sequence,
The FPL-ciched aluminum substrales were dipped
into the precursor solution al ambient empera-
ture. The substrates then were withdrawn slowly
from the sooking boath. after which they were
preheated in an oven for 20 hvat 130°C 1o yield a
sintered couting. The samples were subsequently
annealed for 30 min at temperatures up 0 3507 C,
2.2 Measurements

The combined technigues of thermogravimetric
analysis  (TGA), differential  thermal analysis
{DTA), infrared (IR}, and X-ray powder diffrac-
tion (XRD) were used 10 ¢xamine the changes in
conformartion, the degree of Ge-0O-5i linkage,
and the m sty phase transformation of the
GelOC . H, ) ,~-modilted organosilane polvizers at
lemperdatures up 1 350°C

The extent o which the precursor solutions
wetted the FPL-etched Al surfaves wuas estimated
rom the values of contaet angle meuasured within
the Tirst 20 5 alter dropping the solution on the
surtfaces.

The surface microstructure of the films formed
on Al surface at 330°C were observed with scan-
ning electron microscopy (SEM). The surface-in-
terface chemical components and states of he
PGS-coated Al substrate samples were also in-
vestigated using X-ray photoeleciron spectroscopy
{XPS).

The ¢lectrochemical testing for data on corro-
sion was performed with an EG & G Pninceton
Applied Research Model 362-1 corrosion men-
surement system. The electrolvie was a 0.5M
sodium chloride solution. made [rom distilled
waler and reagent grade salt, The specimen was
mounted in a holder and then inseried into a
EG & G Model K47 electrochemical cell. The 1esis
were conducted in an aerated 0.5M NaCl solution
at 25°C, on an exposed surface area of 1.0 e,
The polarization curves contaning the cathodic
and anodic regions were measured al a scan rate
of 0.5 mV/s in the corrosion potential range of
~1.210 =03 V.

3. Resuits

3.4, Thermal characieristics  of  Ge-incorporared
orgunosilune compounds

Belore surveying the properties of the pyro-
geniv polygermanosiloxane (PGS) [iims deposited
on the aluminum (AD substrates, we investugated
the thermal behaviors of the Ge-incorporated
organosilane sinters derived from the sol-gel pre
cursor solutien using TGA-DTAL IR, an XRD
These medsurements gave us Juta on thermal de-
compesition, phase trunstormation. and pyrolvs-
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is-induced change and rearrangements in molecu-
lar conformation.

A thermal analysis, combining TGA and DTA.
revealed the decompesition characteristics during
pyrolysis of 130° C-sintered powder samples (fig.
1). The TGA data for the conirol. a sample with a
ratio 100/0 of TSPI/Ge(OC.H,}),, showed a
slight decrease between 0 and 100 ° C loilowed by
a4 lurge decrease between 300 and 450°C. und a
smaller decreuse between 300 and 700°C. At tem-
peratures > 700°C, no further changes were seen
in the TGA and DTA dawa, The weight loss oceur-
ring at each individual stage n the three-step
decompoesttion process gave the fellowing values:
= 3% at temperatures up 0 200°C, = 27% be-
tween 200 and 300°C. and =9% between 300
and 600° C. Compared with the TGA data of the
controls, changes in the shape of the curve can be
seen in the samples in which Ge(OC.H,), was
incorporated: the addition of Ge{OC,H ), to TSPI
shifts the temperature of onset of thermal decom-
position on the second and third stages 10 a lower
value. As the DTA curves show. the temperature
of the two prominent peaks between 300 and
5007 C decreases as the GetOC,H;), concentra-
1on INCreases.
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Fig. 2. IR absorpuon specura for the 150° C-simered sampies
having (a) 100,70, (b) 9010, 1¢) 30,/20. and (d) 70,30 ranos of
TSPI/GelOC, Hy ),

To verify our findings. the IR spectra of sam-
ples sintered at 350°C and 500°C were meuas-
ured. Figure 2 shows the IR absorption spectra
over the wavenumber region of 1200 to 600 cm '
for 130° C-sintered powider sampies having 100 /0.
9010, 80,20, and 7030 ratios of TSPl
Ge(OC,H;),. The spectrum for the buik TSPI (a)
had four pronounced bands. As descnibed in the
previous paper [2]. the respective bands are as-
signed 10 the fellowing uabsorbing species: the
Si-C bond stretching in the Si-joined propyl
groups a1 1125 cm”™', the antisymmetnc bond
stretehing of the Si—O-St linkage at 1030 ¢cm ",
the symmetric stretching of tbe Si-0-51 linkage at
765 cm” ', and the C-Cl stretching i the Cl-sub-
stituted end groups at 690 em ',

When 20 parts of the total weight mass of TSPI
were replaced by Ge(OC,H 1,. a new prak ap-
peured at 970 ¢cm ' in ihe absorption specirum
(¢} This peak v attributed 1o Si- O-Ge hinkages
[4]. The peuk tnensity ol the C-Cl hand ar 690
em ! decreases as lhe proportion of GerOU FL
inereuses. The deca also mdweated than Lo thae
Cl-substituted  end  groups preferenually reacts
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Fig. 3. IR specira for the 350° C- and 500° C-pyrolyzed (a)
100,70, (b) 9010, (c) 80 /20, and (d) 70,/30 TSPl Ge(OC, H, ),
ratio samples.

with OH groups in the hydroxylated Ge com-
pounds derived from the HCl-catalyzed hydrolysis
of Ge(OC,H,),. With a further increase in the
proporticn of Ge(OC,H,), to 30 parts. another
new peak at 875 cm ™' appeared (see fig. 2(d)),
which 15 atiributed to the Ge-O stretching mode
of Ge0, (5] Figure 3 shows the comparisons and
changes in the IR spectral features of the 350°C-
and 500° C-pyrolyzed sampies. At 350°C, the
changes in the spectra of the samples with 1000
ratio (a), compared with that of a 150° C-pre-
heated sample, can be described as follows: (1) the
peaks at frequencies of 1125 and 690 cm™!
originating from the Si-C and C-Cl bonds, re-
spectively, are eliminated; (2) there is a slight shift
of the absorption due to the Si~O-Si linkage at
1030 and 765 cm ™'; and (3) a new band emerges
at 1715 em ™' The first result is indicative of the
removal of many carbonaceous groups from the
polymenc organosilane networks. Such a pyrolytic
phenomenon wiil lead to the third result. namely,
the new absorption band at 1715 ecm ™' is due to

the C=0 stretching absorption in the aldehvde
vielding pyvrogenic by-products [6]. The peak in-
tensity of the by-products decreased with an in-
crease in proportion of Ge(OC, H,),.

There was no evidence for 5i-O-Ge linkage at
150°C for the 90710 ratio sample. However, when
this sample was pyrolyzed at 350°C, the spectrum
(fig. 3(b)) contained a component at 970 c¢m ™'
which we attribute to 8i—-O-Ge, corresponding to
the formation of polygermanosiloxane (PGS). The
most intense band at 970 cm ' in the spectrum of
350° C-pyrolyzed series was observed in the sam-
ples with 80,20 rauo (fig. 3(c)). By contrast, the
incorporation of a certain amount of Ge(OC,H;),
is associated with the formaton of GeO,. rather
than the Si—-0O-Ge linkages. The formation of
GeO, is deduced from the increase in intensity of
a band at 875 cm™', compared with that at 970
cm™?! (see fig. 3(d)). The peak absorbance of the
$i—-O-Ge band at 970 cm™' in the 90/10 raiio
sample was almost the same as that of the 80,20
ratio sample, indicating that the extent of densifi-
cation of Si-0-Ge linkage in the PGS films 1s
similar in both, The spectra for all sampies exhibit
a band, ranging from 800 to 750 cm ', that is due
to the symmetnc stretching mode of the Si-O-5i.
When these samples were treated at 500°C, there
was no evidence of the bands at 1715 cm ™! in the
spectra of any sample. Thus, the volatilizaticn of
the organic species is compieted at 500°C. The
shift of Si-0-35i band at 1055 cm™' toward a
hugher wavenumber was also apparent in the spec-
tra of the 500° C-pyrolyzed samples,

There are no diffraction peaks detected by XRD
over the diffraction ranges of 0.39 t0 0.201 nm for
the 350° C-pyroiyzed 90,10 and 80,20 ratio sam-
ples. This finding indicates that the PGS denved
from these systems is essentially amorphous. By
contrast, reflections at 0.236, 0.215, and 0.204 nm
in the same diffraction range were observed from
the 70,/30 ratio sample. These spacings belong to
crystalline GeQ, (7], therefore, the 70,30 ratio-
derived amorphous PGS layers contain some Ge(),
crystatline particles.

Qn the basis of this knowledge. the studv then
focused upon the properties of PGS coating lilms
as & barrier agaunst corrosion of Al substrates.
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2.2, Properties of PGS coating films

In dealing with the formation of uniform-con-
tinuous PGS coating films, the magmtude of wet-
tability and spreadabtlity of the Forest Products
Laboratory (FPL)-etched Al surfaces by sol pre-
cursor liquids are among the most important fac-
tors goverming good protective-coating perfor-
mance, As we have shown [8], FPL treatment of
Al substrates introduces an amorphous oxide layer
into the outermost surface sites of Al One signifi-
cant feature of a fresh Al.G, surface is its ex-
tremely high susceptibility to moisture: the aging
FPL-¢tched surface laver which was used in this
study consisted of the phases of anhydrous and
hydrous aluminum oxides. Therefore, the magni-
tude of the sol liquid-wettability of the oxide
surface was estimated (rom the average value of
the advancing contact angle, # (in degrees), on
this surface. The sol-precursor solution systems,
as shown In table 1, were also used in this study.
A plot of § as a function of the TSPl /Ge(OC,H;),
ratios, for the FPL-etched Atl surface, is given in
fig. 4. Since a low contact angle implies better
welting, the resultant @-ratio data exhibited an
interesting feature, namely, the wetting behavior
was improved by increasing the proportion of
Ge(OC,H,), in the precursor systems. The 4
value for the 80,/20 ratio solution was consider-
ably lower (20° wvs. 29.3°) than that for the
100 /0 ratio. In fact, the 80,20 and 70,30 ratio
solutions had such a great affinity for the oxide
surfaces that complete coverage over the whole
oxide face by sol solutions. thereby producing
uniformly sintered coating films under the pre-heai
treatment at 150° C, was observed.

Figure 5 shows SEM micrographs for the
150 ° C-sintered 100,/0, 80,/20. and 70/30 rauo
samples after pyrolysis for 30 min at 350°C. As
expected, the surface microstructure of the 100/0
ratio-coating film (fig. 5(a)} is discontinuous. Im-
provements in the film of the 80,20 rauo sample
can be seen in the SEM micrograph (fig. 5(h)).
Although there were u few propagated micro-
cracks with a flow width of = 2 pm, there was no
cvidence of film discontinuity, nur of the sep-
arauon of the film from the substrate. By contrast.
the surface mucrostructure for the 70/30 rato-re-
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Fig. 4. Effect of Ge(OC,H,), on improvement of sol solution-
wettability of Al surfaces. The line is drawn to connect data
symbols.

lated PGS coatings (fig. 5(c)) had developed
numerous and wide eracks which are indicative of
large stresses.

The adhesion at the interface and/or inter-
phase between the PGS and the aluminum oxide
15 also an imporiant factor contribuiing to good
film-forming behavior and to protection against
corrosion. Since adhesion is a local phenomenon
involving only a few atom layers of film and
substrate, the high-resolution XPS spectrum of the
Ge,, signal was obtained. To set a scale in the
XPS spectra, the binding cnergy (BE) was
calibrated with the C|, hydrocarbon-type carbon
peak fixed at 285.0 eV. A curve deconvolulion
technique was employed to find the respective
chemical components from the high-resolution
spectrum of element, and to determine the relative
quantity of each particular chemical state. The
80,20 ratio-PGS films suitable for XPS analyses
were prepared on ¢tched substrates in the follow-
g way: a 0.2% sol-precursor solution in de-
ionized water was deposited over the substrute
surfaces by spin-coating at [000 rpm. and then the
samples were heated for 20 h at 1507 C 10 produce
a sintered hlm. The pvrolytic conversion of the
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Fig. 5. SEM micrographs for 350 ° C-pyrolyzed (ay 100/0. (b) 80,/20. and {¢) 70730 TSPL/Ge(OC Hy ), rauo coating films.

sintered film into the PGS {ilm was accompiished
by annezling for 30 min at 350°C. the resuluing
interfaces were examined using XPS, For the pur-
poses of companson, a 0.2% Ge(OC,H,), sol
solution in deionized water without TSPl was
deposited on the Al oxide surfaces. and then pyro-
lyzed at 350° C 10 produce a thin Ge-based com-
pound film.

The thickness of PGS and Ge-compound Tilms
made by this method were thin enough 1o permit

the photoemussion signal [rom the underlving
aluminum subsirates (o be detected. Figure 6 gives
the germanium 3d spectra for the PGS film surlace,
and PGS /alumunum oxide and Ge compound/
aluminum oxide interfaces, The Ge,, region for
the PGS film (fig. 6(a)) reveals two resolvable
Gaussian components at BE of 33.0 and 31.9 ¢V,
corresponding 1o the Ge eriginating Mmom the Si-
C-Ge hnkages as the major component. and the
Gein germanium oxides as a minor phuase, respee-
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tively [9]. By comparison, the Geyy signal feature
(fig. 6(b)y emerging from the critical interfacial
zones of PGS /Al oxide indicated the appearance
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of new component at a low BE site of 30.6 2V,
with the principal and shoulder lines of Si-G-Ge
and germanium oxide germaniums still present.
To assign this new peak. we investigated the Ge
compound/ Al,(, interface induced by the pyro-
lytic interaction between the hydroxylated Ge
compounds (sol-precursor solution) and the Al.O,
substrates {fig. &(c)). The resulting curve contains
a myjor line at 30.6 ¢V and a minor one at 31.9
eV, We suggest that the new peak at 30.6 eV is
due to =Ge-0-Al (on the Al.O; surfaces) 1o the
interaction products.

The PGS coaungs were denived from the sol
composiuon systems {see table 1). The corrosion
data were obtained from the polanization curves
for PGS-coated aluminum samples exposed 1n an
aerated 0.5M sodium chlonde solution at 25°C.
The typical cathodic-anodic polarization curves
exhibited a short Tafel region in the cathodic
polarization, but no Tafel region was found at the
anodic sites. To evaluate the protecuve perfor-
mance of coatings. the corrosion current. /..
was measured by extrapolaton ol the cathodic
Tafel slope.

Figure 7 iiluswrates the variauon in f,  value
of Al substrate as a functon of the ratio of
TSPI/Ge(OC,H, ), in the precursor sol solution.
The 1, values decrease with increased propor-
tion of Ge(OC,H.}; vp to 20 wi1%, beyond thiy
fraction, there was a slight increase in f,  on the
7030 rauo coating sample. The [ value of

<
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approximately two orders of magnitude less than
that for the sermanium oxide—uncross-linked
polysiloxane coatings (1000 ratio}. The effect of
film thickness of 80/20 rauo coatings on the
decrease in [, value was also investigated. The
I

wore Values for the PGS coatings ranging from
[.5 x 107" wm to 10 pm are shown 1n fig. 8.

4. Discussion

From the results of the IR analyses (see figs. 2
and 3), the following points can be made. In
sintering sol systems consisting of organosilanol
containing Cl-substituted end groups and Ge
(OH)Y; in alcoholic aqueous media, the OH groups
in Ge{OH}, preferentially react with Cl in the
chlonnated organosilanol to promote dehydro-
chlorinating condensation, rather than with OH in
Ge(OH), and -SiOH), [1]. Since the Si-O-Si
linkages also form in 150 ° C-sintered samples, the
dehydrating condensation reactions belween
neighboring silanel in the chlorinated organo-
silanol yield a polymeric siloxane structure 2]
The combination of such condensation reactions
lead to the conformation of network structures of
germanium oxide—cross-linked organosiloxane. At
the pyrolytic temperature of 350° C, the removal
of carbonaceous groups from these cross-linked
structures contrbutes to their conversion nto the
inorganic PGS network structures containing al-
dehydes as pyrogemc by-products, The amount of
aldehvde-type by-products remaining 1n the pyrol-
ysis-induced inorganic phase depends primanly on
the proportion of TSPL This finding is reflected
direcly in the results of TGA-DTA analysis.
namely, the weight loss of the Ge{OC,H;},-mod-
ified TSP! samples during pyrolysis was much

lower than that of unmodified TSPI. The complete
elimination of aldehyde by-products can be
achieved by increasing the temperature to 500° C.
On the other hand, although a high propertion of
Ge(OC,H,), in the Ge(OC,H,),-TSPI systems
produces a low amount of aldehydes. the incorpo-
ration of a large amount of GetOC,H;), resulted
in the formation of the crystalline GeO, as a
pyrogenic by-product in the amorphous PGS
layers.

We propose the hypothetic model of
sintering—pyrolyzing processes for the formation
of a PGS network. as shown at the bottom of this
page. When the sol precursor svstem is applied as
a practical sol “paint’ to the surface of the Al
substrate, good wettability of the Al surface be-
comes an important factor in fabricating u <on-
tinuous, uniform sintered coating film. As de-
scribed tn the TSPI/Ge(OH,H ), rauo-contact
angle relations (see fig. 4), an increase in propor-
tion of Ge{OC,H.), in the precursor systems
resulted in better spreading of the sol solution
over the aluminum oxide surfaces. With regard to
the acid-base interactions of surface hydroxyl
groups, Bolger [10] and Fowkes [11] report that
hydrous aluminum oxides ewsting at the outer-
most surface laver of FPL-etched Al substrates
have a strong chemical affiruty with the polar OH
groups in the adhesive, so forming hvdrogen
bonds. Because the HCl-catalyzed hydrolysis of
Ge(OC,H,), induces the formation of hydroxyi-
ated Ge sol. a possible interpretation for the en-
hanced wetting of the Al substrate by sols with a
high proportion of Ge{OC,H.), is that there s un
increase in total OH groups in the precursor solu-
tions. However, once all available functional
groups of aluminum oxide faces are occupied by
polar OH groups in the sol, the presence of ad-

Ge(OH), + Cl—(CH, ), — Si(OH),
sinter at 150°C
—nH,O. =aHCL

[Ge—(O—(CH,),— Si—O—Si—0—)~—,],

+1Ge ,h(O—(CH:)—Si_O“)_.t]m

pyrolysis ag 350°¢

— [Ge—(0—Si—0—Si—O0—)—,], +|Ge —10—51—0—)— ],

The hypothetic made! of sinlering - pyrolvzing processes for the formation of 4 PGS aetwork.
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diuonal OH groups do not promote wetting and
spreading of the sol solution. In fact, we found no
significant difference between the contact angles
of 81,/20 ratic and 70,30 ratio sols {fig. 4).

An inspection of 350°C pyrelysis-induced
coating films using SEM revealed discontinuities
in the 100/0 ratio coating. These discontinuities
were not only caused by the poor diffusive behav-
jor of the 100/0 ratio precursor solution on
aluminum oxide, but was also due to the presence
of large amounts of pyrogenic by-products. The
incorporation of excessive amount of Ge. espe-
clally GeQ,-related Ge, into the PGS films caused
the development of a large number of cracks in
the films. Thus finding agrees with that of our
previous study on polytitanosiloxane coating [1;
the growth of crystalline GeQ, partcles in the
amorphous polymer phases has a detnimental ef-
fect on the formation of the film coating. Further,
such films have a thermal expansion which differs
from that of the Al substrate, and adheres poorly
to aluminum oxides. Thus. it 1s clear that the
proper proportions of TSPl to Ge{(OC,H.), are
an important factor in forming a good film. We
found that the 80,20 was the most effecuve ratio
of TSPl to Ge(OC,H;), for the sol-precursor
system.

The structure of the PGS-aluminum oxide mn-
terfacial bond is one of the important parameters
contributing to better protection of Al substrates
against corrosion. For the purpose of supporting
the results obtained from the XPS Ge,, spectra
(fig. 6), the additional Si,,, Al,,, and O, core
level spectra were also explored. In our ussign-
ments of the peaks in the Si,, Aly, and Oy
regtons, we used the polysiloxane (PS), poly-
aluminosiloxane (PAS) and Ge(,-Al.Q, com-
pounds. as reference samples. PS was synthesized
by the condensation-pyrolysis reaction of the
s0l-precursor solution consisting of 47 wt% TSP,
28 wi% CH,OH. 19 wt% water und 6 wt% HCL
Using the same synthesis methods. the pyrogenic
PAS and GeO,-Al.0, compounds were derived
from the following different precursor systems: (1)
20 wt% TSPL, 20 wt%h AKOC,H,),. 25 wt%
CH,OH. 17 w1% water and 18 wt% HCL und (2)
20 wt%h Ge(OC,H.),. 20 wi% ANOC,H.),. 25
wi% CH,OH. 17 wt% water and 18 wit% HCL

Table 2
Positions of XPS teference peaks in Siap. Als,. and Oy, 1ezions
for the standard compounds

Compound Active Sia, Ala, O
group (eV} {eV) (eV)
PS Si-0-8i 102.8 - 512.4
PAS Si-0-Al 101.6 740 531.3
Ge(, - aly)0,y Ge-0-Al - 73.2 530.9
GeQy - - 329.4
AlL0O, - - 74.5 5317

respectively. In additien. the aluminum oxide
(Al,0Oy) and germamum (V) oxide (GeO.) ot
chemical reagent grades (supplied by Alfa) were
also employed as reference compounds. The prin-
cipal peak positions from the Si,,, Al,, and O,,
spectra of the main group in the these reference
compounds are summarized in table 2. Thus, the
chemical components and the groups for each
peak in the XPS curve were identified in accor-
dance with the reference peaks and with published
data. The observational error between the peak
positions of reference and test samples was 0.2
eV,

The Si,, region of the spectium from the surface
of bulk PGS (fig. 9(d)} indicates the presence of
the major peak at 102.8 eV und the shoulder at
101.6 eV, The principal line at 102.8 ¢V reveals Si

1]
si
'Ir'qllllllil' . 20
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mdicule the posilinns of peiks of speciral components.
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Fig. 10. Al,, region of (g} FPL-eiched aluminum substrate

surface, (h) Ge compound/aluminum oxrde, and (i)

PGS, /aluminum oxide interfaces. The verucal lines are drawn
to indicate 1he posilions of peaks of speciral components.

in the siloxane bonds {12]. Since the line around
101.6 €V (s due to the Si in the Si-O-metal
linkages [2.13), it is reasonable to assume that the
shouider at the position of 101.6 eV is due to the
Si belonging to Si-0-Ge bonds. Although a spec-
tral feature similar to that of the bulk PGS was
observed in a PGS-aluminum oxide interfacial
boundary (fig. 9e)). the peak at 101.6 eV, emerg-
ing from some interfacial areas may be due to two
Si components joined to the metai oxides; one is
Si bonded to the alumunum oxide substrates, and
other is that of the 5i-O-Ge in PGS, For the Al,,
core level spectra (fig. 10), the Al substrate n fig.
10{g) reveals only a symmetric single peak at 74.4
eV, corresponding to the Al in Al,O,. The Al,,
feature (fig. 10(h)) emitted from the Ge com-
pound/ aluminum  oxide interphase regions is
charactenzed by an emerging shoulder at 73.3 eV.
According to the reference peaks, this shoulder 15
attobuted to Al from the Ge-Q-Al hinkages. Fol-
lowing the deposition of a thun PGS film on the

Al.O, surfaces. the Al,, regions (fig. 10{1)) indi-
cate the presence of three reselvable components
at 744, 73,8, and 733 eV. due to Al in Al.Q..
S1-0-Al and Ge-0O-Al linkages, respectively.
From compansons between the intensities of two
shoulder peaks at 73.8 and 73.3 eV. the bond
structure formed at the PGS /Al,O, interfaces is
the Si—O-Al linkage, rather than with the Ge-0O-
Al. By comparison with the O, spectral feature of
Al,Q, (fig. 11(j)). a broad spectral feature which
obviously contains at least three components can
be seen in the oxvgen Is region of (e compound,/
Al,O, interfaces (fig. 11{k)). The secondary in-
tense peak at 531.0 ¢V 15 assigned to the badging
oxygen in the Ge-O-Al linkages: by contrast. the
weak line at the position of 529.4 ¢V, which 15 1.6
eV lower than that of the bndging oxvgen. 1z due
to the non-bridging oxygen in the germanium
oxides. The O, spectrum of the PGS surfaces (fig.
11¢1) contains three components which are attri-
buted to three oxygen compounds at 532.5, 531.5,
and 3294 eV, The two strong lines at 332.5 and
331.5 eV are due to the bridging oxygens in the
S51-0-51 and S5i-0-Ge [14]. respectively. Al-
though the number of components is very smaill. it
is evident from the weak shoulder at 529.4 ¢V that
the non-bridging oxygen in the GeO, is present on
PGS surfaces. For the PGS/AlL.Q, interfaces (fig.
[1{m}). the intensity of the non-bridging oxvgen
peak is conspicuously reduced, while a new peak
appeuares at 531.2 eV, representing oxvgen in un
interfacial oxane bond bridging between the PGS
and Al.O,. The formation of an interfacial oxane
bond involves both =Si-0-Al as a4 major struc-
ture and =Ge-0O-Al as a minor one. Thus, the
interfacial covalent bond structure such as = M(S!
and Ge)-0O-Al (on the surface of substrate) foims
at the interfaces between PGS and aluminum.
Also, we note that the peak near 331.5 eV iy due
to oxygen in ecither the Al.O, or the Ge-0-Si
bond.

Three major factors are responsible for mini-
mizing the development of stress crucks by shrin-
kage of pyrolvzed PGS films: (1) spreadability
and mobility of Ge(OCH ) ,-modified TSPL sol
solution on aluminum oxide surfaces. (2) cToss-
linking of germanium oxdes between polvsiloxane
chains, and (3 formation of PGS—aluminum n-
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terfacial chemicul bonds. These factors not only
contribute 1o good film-Torming behavior, hut also
directly affect the corromon protecuon ol alumi-
num substrates.

As reported by several invesugators [15-17],
the localized corrosion {pitung-type corrosion} of
Al alloys m aqueous media containing NaCl elec-
trolyte occurs in three steps: (1) adsorption of
reactive anions such as C17 and OH7, on the
aluminom oxides: (2) chemical reaction of the
adsorbed anions with Al ion i1n the aluminum
oxide lattice; and (3} dissolution of the colloidat
reaction products. Pardcularly. the Yow rate of
udsorption of reaclive amions plavs an essential
role in wmhihiting the corrosion of Al substrate.
Since OH ™ ions are generated by cuthodic reac-
ton of Al with atmospherie reactints such as O.
and H .G, 2H,O + O, + 42 = 40H . the corro-
sion current, f determined on the cathodie
curve for POS-couted Al sumples was evaluated 1o
extimate the rate of OH  adsorpuon  into
aluminum oxides: a decrease 1o f

Lorr

Lorrd

corresponds

to a low rate of adsorption of OH™ ions. In clher
words, good coverage ol PGS coaung films over
Al is shown by a decrease in [, . because ot the
low penetration rate of O; and H,O reactants
which pass through the PGS lilm. The lowest £,
for the Al samples coated with various ratios of
TSP!,/Ge(OC,H,), was observed for the 80,20
PGS sample. The reason for the slight increase in
the 70,730 rano sample (see fig. 7) is mainly 2ss0-
ciated with the presence of many miCrocracks i
the lim. compared with that of the 80,20 sample.
thereby reducing protectuion against corrosion. [t is
clear that a PGS coaung derived from the proper
ratio of TSPY o Ge(OC,H,), provides an cffec-
‘tive barrier 1o the corrosion of Al subsirate. The
film thickness of PGS also influences the rate of
penetration of reactants, The [, of thick PGS
coaling (see fig. 8), around 13 pm. was approxi-
mately one order of magnitude less than that for
the thin film of 1.5 < 107! pm.

5. Conclusions

We can make the following generalized conclu-
sions from our study. At the interfacral contact
zones hetween the sol-precursor solution and the
FPL-etched aluminum (Al substrate. the magni-
tude ol wettung of Al surfaces by the sol sofutron
consisting of N-[3-(tnethoxvstlyl) propyl]-4.3.-di-
hydroimidazole (TSP, HCl, CH,OH, and wuter
was improved by incorporating a proper amount
of GetOC,H,), mio the sol media: this selecuon
resulted tn o uniform covering of the substrate
surfaces by the sol phase. During sintenng af the
sol phases. a particular churacteristic of Ge
{OC,H;)-modilied TSPl coating malterials was
the formation of wvrgano polvgermanosilosune
structures containing Si-0-Ge bonds at the rela-
tively low temperature of 150°C. The 350°C-
treatments of these organic—-inorganic structures
produced un  amorphous  polvgermanosiloxane
(PGSY network that had a good coaling perfor-
munce. Further, the interaction between the PGS
iad the Al substrate indoced the lormaton of
covalent oxane bonds at the mterfaces. PGS cout-
ing provides sood  corrosion protection to Al
agamnst salt solutoens.
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We inveshigaled the vuinerability ol pvrogenw polyulanosiloxane { PTS) coatngs 10 atlack by | 9 M NaOH and .0 M H.505,
solutions. Exposure 10 MaQH raused breakage ol the Si-0-5i bond, thereby producing water-soiuble Ma-related silicare anua
bvdroxvlaled siiicon compounds. The lormation of such reaction preducts severcly damaged the coatings, During treatment with
H.50y, SO~ preferennally reacis with the TiO. formed in PTS layvers, rather than with the 51-03-51 and Si-O-Ti iinkages. The
lormation of water-sclubie 1tanium sulphate in this reaction led Lo pilling of the coatings.

1. Introduction

As a pre-ceramic-ivpe polymer, polytitanosiloxane
(PTS) can he synthesized through the hvdrolysis—
dehvdrochiorinating and dehydrating condensation-
pyrolysis reactions of a sol-gel precursor solution
consisting of monomeric organosilanes, such as 3-
glvcidoxypropylirimethoxysijane, 3-aminopropyliri-
methoxysilane, and N-[3-(triethoxysilvl)propvl]-
4.5-dihvdroimidazole as network-forming materials.
the titamum (1V) alkoxides. Ti{OR), {where R is
C,H, and CyH5), as crosshinking agents. hydrochlo-
ric acid as a hydrolysis acceleraior, and methanol and
water |1]. The assembled PTS confoermation was
characterized as representing a Ti oxide-crosslinked
polysiloxane network. having Si—-O-Ti and Si-0-Si
honds.

Because, PTS has a good film-forming perform-
ance. excellent adhesion 1o melul oxides and high-
lemperature siability, we consider Lhat this polvmer
15 applicable as an oxidauon and corrosion resis-
lance coating on the melal substrates. particularly on
low-melting-point metals such as aluminum and

* This work wus pertormed under the auspices of the 1.5, De-
partment ol Encrgy, Washingion, D.C, under Contract No. DE-
ACD2-76HOOOT 6, and suppornied by the U army Re-
seareh Office program MIPR-ARO-103-90),

Alsooal: Chemastry Department, lnversity of Virginia, Char-
lsttesville, VA 22901 (JSA.

magnesium alloys [2]. Ceramic coalings on melal
alloys have not vet been widely emploved for several
reasons: { | ) many coatings must be applied and pro-
cessed a1 high temperatures { > 1000°C). using ex-
pensive and time-consuming methods such as chem-
ical vapor deposition, (2) manyv coalings adhere
poorly 1o metal oxides. and (3) many coatings fack
a thermal expansion coelficient. The latier iwo prob-
lems can result in the separation of the ceramic film
I[rom the substrate.

Although pre-ceramic PTS coaling appears o be
sullable as a coating, 115 susceptibility 10 acid- and
alkaii-induced degradations after exposure to an ex-
lremely aggressive corrosive fluid at elevated tem-
perature has not been studied. Accordingly. our ob-
jecuve in the present siudy was 10 explore 1bhe
chemical and topographical changes of PTS (1lm sur-
faces exposed (o 1.0 M H.50, and 1.0 M NaOH so-
lutions at temperatures up to 30°C. Information was
obtained using X-rav pholoeleciron speciroscopy
{ XPS)and scanning clectron microscopy (SEM ). in
conjunciion with energv-dispersive X-ray (EDX;
analysis.

1. Experimental

The N-[3-(inethosysidvD propyl -4 3-dihvdroim-
wdazole (TSPL). supplied by Petrarch Svstems Lid..

D16T-577¢/91 /% 03,50 o« (991 - Elsevier Saenee Publishers BV, ( North- Hoelland ) In7



Yalume |1, number 5.6,7

was selected from several network-forming mono-
meric organoalkoxysilanes, The titanium (IV)
ethoxide employed as crosslinking agent was sup-
plied by Alfa Products. The film-forming mother lig-
uor, which served as the precursor, was prepared by
incorporating the TSPI-Ti(QC;H;), mixture into a
methyl aleohol/water mix containing an appropriate
amount of HCl. The composition of the precursor
solution expressed 1n wi% was TSP, 37:
Ti(QC.H;),, 9, CH,OH. 28, water, 19; and HCI, 7.
The metal substrate used in the experiments was
2024-T3 clad aluminum sheet. We coated: the alu-
minum surfaces with the precursor solution in the
following way. The aluminum substrate was dipped
into the precursor solution at ambient temperature.
then withdrawn slowly from the soaking bath. after
which the substrate was preheated in an oven for 20
h at [30°C to yield a sintered coating. Although some
thermal distortions of substrate may occur, the sam-
ples were annealed for 30 min at 350°C.

X-ray photoelectron spectroscopy ( XPS) was used
to study the changes in surface chemical components
and states for the PTS-coating films after exposure
for 20 min to aqueous 1.0 M NaOH and 1.0 M H,50,
at 25 and at 80°C. The surface microstructure and
elements of the exposed films were observed with
scanning electron microscopy (SEM ) in conjunction
with energy-dispersive X-rav (EDX) analysis.

3, Resuits and discussion
Table 1 summarizes the changes in elemental com-
positions for the PTS surfaces afier exposure to

NaOH and H,S0, soluuons. By comparison with
unexposed controls, the chemical changes in NaOH-

Table 1
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exposed samples were characterized by the removal
of a certain amount of Si atoms from the PTS sur-
taces, white the concentrauon of Ti increased. The
rate of elimination of 81 for the 80°C NaOH-treated
samples was slightly higher than that of sample at
25°C. The data also showed that a remarkable num-
ber of Na atoms was incorporated 1nto the cutermosi
surface sites. The H,SQ,-exposed PTS film surfaces
showed distinet differences from the NaOH-treated
surlaces, namely, a decrease in Ti concentration. and
the inclusion of the S atom as an additional com-
ponent, while maintaining around 20% Si. A further
decrease and increase in Ti and S atom concentra-
tions, respectively, occurred when the [ilm was ex-
posed to H.50, solution at 80°C. These data clearlv
verified that the mechamism of alkali-induced de-
composition of PTS surfaces is guite different trom
that caused by acid.

To obtain more detailed information on the mech-
anisms of degradation, we examined the XPS high-
resolution core-level spectra of the Sia, Tiag,,,, O,
and S, regions on the PTS coating surfaces exposed
to NaQH and H,50, solutions at 80°C. To set a scale
in all the XPS spectra. the binding energy (BE) was
calibrated with the C,, of the principal hydrocarbon-
type carbon peak fixed at 285.0 ¢V as an internal ref-
erence standard. A curve-deconvolution technique
was employed to find the respective chemicat com-
ponents from the high-resolution spectra of each cle-
ment. and to determine the relative quantity of each
chemical.

Fig. | shows the core-level photoemission spectra
of the respective elements for the NaOH-exposed
samples. together with the spectra of the control for
comparison, The 5i;, signal denoted as curve (a for
the control could be resolved into two Gaussian

Changes in XPS alomic composition of PTS surface afler exposure to NaOH and H,50, solulions

Eavironment Atamic concenlralion (%)

Si (f N T 0 Na 5
control 222 26.1 5.8 L 42.8 - =
35 NaOH 15.4 29.2 4.5 X 40.0 33 -
30 C NaOH 15.2 26.7 4.1 6.3 413 5.7 -
25C H.80, 2.0 17y £.0 23 IR - 0.7
502 C H,50, 20.7 275 6.0 24 421 - 1.3

188
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Fiz. 1. S4,,. O, and Thy,,,, coreleved specira for DTS coaling sur-
faces before (a) and afier (b) cxposure 10 NaOH solenon a1
80°C.

components at |02.8 and [0].6 eV, The former peak.
the principal surface chemical component, reveals
the Si in the siloxane bonds (Si—-0=Si) [2.3], while
the latier is atributable 10 the Si belonging to the Si-
O-Ti linkages [2.4]|. The signal feature {h) of the
NaOH-exposed sample 15 strikingly different from
that of the control: namelv, a new principal peak has
appeared at the position ol 102.3 ¢V, while the peak
representing the Si—0-Si bond at 1023 ¢V has
miarkedly decayed. According to the lucrature [3].
this new peak 1s associated wih 1he formanon of sil-
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icaies. Relating tlus to the lact that a certain amount
of Na 15 incorporated into the NaOH-exposed PTS
surfaces. it is possible to assume that the silicates
formed correspond 10 the Na-related siiicale com-
pounds as a reaction product. vielded bv the attack
of NaOH on the S1-0O-5i linkages. The asvmmelric
feature of (,, spectrum for the control (a) can he
deconvolved into at [east three ¢components situated
at 5324 53313, and =529.4 eV, The major com-
ponent at 3324 eV belongs to the bridging oxgens
hinding two Siatoms (the siloxane bond ). while the
Ti-bound oxveen 1n the Ti=O=Si linkages relates to
the peak emerging at 331,53 eV []. Assuming that
the non-bridging oxvegens such as the hvdroodated
silicon (Si—-0OH) are present at the PTS surtace. 1he
weak peak at x329.4 ¢V, which 13 about 3.0 ¢V lower
than that of the bridging oxvgens in the Si-0-51 is
attributable to non-bridging oxygens [ 7]. The inten-
sity of this non-bridging oxvgen peak increased re-
markably as the coating film was exposed to NaOH
(see O, (b) curve).

The curve of the NaQOH-exposed sample (b)) also
showed that the line intensity at 332.4 eV, onginat-
ing from the bridging oxygen in 3i-0-Si bonds. con-
spicuousiv decayed. whiic the other bridging O line
(531.3 eV) in the Ti-O-Si linkages was converted
into the major oxvgen component. In the Tia,,.. re-
gion. the control (a) has two peaks: the main line at
458.7 eV, corresponding 10 the titanium in the Ti-
O-5i linkages. and the miner line at 4392 V. re-
flecting the titanium oxide Ty [8]. The shape ol 1he
curve of the NaOH-exposed samples {b) resembled
that of the conirol. From these data. we conctude that
the hot NaOMH solution preferenuaily reacis with 1the
Si1-C bond rather than the Ti-O bond. As described
by several investigators [9=11], such a chemical re-
action breaks the 51-0-5i linkages. The mechunism
of bond breakage can he represented as toillows:

Si-O-Si+Na* +OH ™~ =5i-0" Na*t + HO-Si.

Some of Na-related silicate compounds gencrated
may be dissolved in the NaOH aqueous media. be-
cause a marked chmination ot Si atom lrom the PTS
surtice was observed for the NaH-cxposed samples
{see table |

(3o the other hand. carhier XPS survey scans of the
H.5O<cxposed sample surfaces suggested. on the
basis of the changes in atemic compositions, that the

P39
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Fig. 2. Tiv,,, and $.; regions for H.SQu-treated (¢) and un-
wreated (a) PTS surlbees,

noteworthy elements are Ti and S atoms. Therefore,
we closely inspected the Tia,,,, and S., regions,
shown infig. 2. {n the Tia,,,. region, the peak feature
{c) of H.SOy-treated PTS surfaces, compared with
that of the control (a), was characterized by a con-
siderable atienuation of the line at 459.2 eV origi-
nating from Ti in the TiO-. The S, region for H150,-
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rreated surfaces indicated the presence of the peak
e¢merging at the BE position near 165.4 eV, We be-
lieve that the assignment of this peak 1s due 1o the
formation of sulphate-related compounds [12]. In
correlatron with a decline in the intensity of the Ti0,
ttanium iine, it is reasonable 1o assume that the sui-
phate-related compounds formed by the attack of
H.50, 10 the TiQ, are associated with titanium sul-
phate [Ti{SO,}.]:

T, +2H.50, = Ti(S0,), +2H.0 .

This finding can be supported bv Tanabe and Ya-
maguchi's [13] observations of the role of the cat-
aivtic activity between the SO:- and the metal ox-
ides. Thev reported that a high catalvlic reaction can
be observed from the SOi~/7ZrQ. /TiOs and /
Fe.0Q; systems: by contrast. the SO3- /Si0, and /
B.O; systems show no catalytic behavior.

Fig. 3 is a SEM micrograph of the PTS coatings
before exposure to the NaOH and H,S0, solutions.
The thickness of ¢oating flim determined with a sur-
face profile measurtng system was = [0 pm. As seen
in the SEM image, such a thick film adhering to the

EMERCY IN kFav
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Fig. 3. SEM macrograph coupled with EDX specira lor PTS coating deposited 1o alumimum subsinvite.
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substirate causes the development of stress micro-
cracks as the film shrinks during the volatilization of
carbonaceous species of the sintering coating film at
the pvrolytic (emperature. However, a crack-free
coating fim can be formed if the film thickness is
designed to be under 2.0 pm. EDX data coupled to
SEM showed Lhe presence of two distinctive phases
in the surface: () a smooth area (a), and (2} a
rough area {b) which encompasses a circular shape
isolated trom the body of the film. Comparing with
that of area (a). the EDX spectrum of area (b) was
characterized by showing an increased intensity of
the Ti peak. suggesting that area {b) has a higher
concentration of Ti than area (a). Thus, the segre-
gated rough area is explicabie as an amorphous PTS
laver contaiming a certain amount of TiOa.

Dramaticchanges in the surtace texture ot the film
were observed {Tom coatings exposed to 80°C-1.0
M NaOH solution (see fig. 4, top ). The alkali metal-
induced bond breakages of Si-O-Si linkages in the
PTS structure not only result in a significantly in-
creased number and size of the ¢racks, but also in the
partial separation of the chipped film from the sub-
strate. EDX inspection of damaged area {c¢) shows
the presence of a [arge number of Si and Ti atoms
and few Na and Al atoms. Since the Al signal comes
from the substrate. NaOH-damaged PTS films dis-
play discontimuous features. By comparison, no sig-
nificant damage of the [1lm was observed in the
30°C-1.0 M H,SO, exposed sample surtaces {see fig.
4, bottomn ). except for the appearance of localized
pits. The EDX specirum in the patted areas (d) n-
dicated no signal of Ti and S. We believe that these
elements were removed due 10 the dissolution of
water-soluble titanium sulphate formed by the re-
action of Ti0, with HaSO,.

4. Conclusions

Pre-ceramic-type polytitanosiloxane (PTS) coal-
ing films, synthesized through the hydrotvsis-dehy-
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drochorinating—pvrolysis. were exposed (o solutions
of NaOH and H-SO. 10 investigate the chemical deg-
radation of the PTS film. The magnitude of suscep-
tibility of the Si-O link to NaOH-induced bond
breakages was significantly higher than that of Ti-O
int the PTS network structure consisting of Ti-cross-
linked polysiloxane. The formation of water-soluble
MNa-related silicate compounds and hydroxylated sil-
icon compounds from the reaction of NaOH with Si-
0-Si linkage severety damaged the PTS film. Al-
though the PTS films displaved a great resistance in
H,S0., SO~ ions preferentially reacted with TiO-
formed locallv into the amorphous PTS body. rather
than with the Si-0O-=Si and Si-O-Ti linkages, The
water-soluble Ti sulphate compounds vielded in thrs
reaction led to pitting ot the PTS film,
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Pyrolysis-induced polymetallosiloxane coatings
for aluminium substrates

T SUGAMA
Process Scrences Division, Department of Applied Science, Brookhaven National Laboratory,

Upton, NY 11873, USA
C. TAYLOR

University of Virginia, Chemistry Department, McCormick Road, Charlottsville, VA 22901,

USA

Inorganic amorphous polymetallosiloxane (PMS) coating films on aluminium substrate were
produced through the polycondensation—pyrolysis reaction mechanisms of a sol-precursor
salution. The precursor solution was formed by HCl-catalysed hydrolysis of a mixture of
N-[3-{triethoxysilyl)propyl]-4,5-dihydroimidazole (TSPIl) and M(OC,H,},. (M = Zr, Ti and
Al, n=3or4). The TSPI/Zr(OC4H,)}, or Ti{(OC;H,), precursor systems formed higher guality
thin coating films, compared to the /AI{QC,H ;) system. This was because of the critical
formation of the polyorganosiloxane terminated by end groups containing zirconium and
titanium oxides. These end groups were derived by a dechlorinating reaction between the C!,
bonded to the propy! C in organosilane, and the hydroxylated Zr or Ti compounds in the
sintering stages of the film production. Good film-forming performance resuited from moderate
degrees of cross-linking of metal oxides to polysiloxane chains and of the densification of
metal -0-Si linkages in the pyrolysis-induced PMS network. In addition to these factors, the
farmation of an oxane bond at the interface between PMS and aluminium provided corrosion

protection for the aluminium substrate.

1. Introduction

In the previous work (17, the inorganic polytitanc-
siloxane {PTS) polymers were syathesized by a
polycondensation—-pyrolysis reaction processes of sol-
precursor solution svstems consisting of monomeric
organosilanes. TiiOC,H),, methanol, water and hy-
drochloric acid. These PTS polymers were investi-
gated lor applicability as corrosion-resistant inorganic
polymer coatings for aluminium substrates. A simple
dip-coating method was used to deposit the sol-pre-
cursor solution layers on the substrates in this invest-
igation. The precursor layer was converled into a
sintered coating film by pre-heating in air at 100°C,
and then annealing at 300C to form the pyrolysed
PTS film. Simpie dip-coating technology. u practical
application method, offered the lollowing two major
advantages: (1) the possibility of placing high-lemper-
ature-performing inorganic polymeric coalings on low
melting point metal substrates, and {2) the ubility 10
couat substrates with a large surluce urea hy a simple,
inexpensive. und cfficien! method which is compulible
with a lurge-scale, integrated, continuous process run
at relatively low temperatures of less than 400°C. On
the uther hand, a serieus disadvantage is the shrinkage
of PTS hlms caused primarily by the release of carbona-
cenus species during the annealing processes. This led
to the development of stress cracks and pits. therehy
resulting in poor protection behaviour by the coutings.

D022 2461« 1992 Chapman & Hafl

Although the cross-linking ability of the hydrox-
vlated Ti compounds. which connect polysiloxane
chains, suppresses the development of these crucks. it
was found that the degree of the shrinkage depends
upon several (actors: (1) the species of monomeric
organosilane used as a starting material, (2) the
organostlane to Ti(OC,H,), ratio. (3t the densific-
ation of Ti-O-Si linkages, and {4) th¢ number and
length of the hydrocurbon chains connecting Ti and Si
in the sintered polyorganosilane that contains tita-
nium oxide terminated and substituted end groups.
The most effective orgunosilane precursor [or forming
PTS coating films containing fewer stress microcracks,
was V[ d-(triethoxysilvlipropyl]-4.3-dihvdroimidazole
{TSPI). Thick PTS coatings (thickness, > 10 ym) de-
rived from the appropriate ratio of TSPI/TiI{OC,H,),
displayed good corrosion protection for aluminium
upen exposure to Nall solulions.

Detailed studies regarding the hvdrolvsis activity of
the HCI culalyst which pluys an important role n
forming the metal vxide cross-linked potvsiloxane
nctworks and in altering the conformation vver the
temperature range 100-400 "C lor the TSPI -titanium
alkoxide precursor svstems. huve nol vet been per-
lormed. Qur reseurch focused on the use ol other
metul alkoxide species such as AOR), and ZR{OR),,
iR=CH.). In addition, the fubricution of thin film
(thickness < { um), which may form 4 microcruck-
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[ree coatings, because of lower rates of volatility and
pyrolysis, was also considered.

Accordingly, the objectives in the present study
concerned e2ssentially two research areas. One was
to study the thermal behaviour, polycondensation—
pyrolysis reaction mechanisms. and the reaction pro-
ducts of the sintered TSPi-metal alkoxide systems. In
the second. the surlace and interface characteristics
of sol-derived thin Alms as a corrosion-protective
coutings on aluminium substrates were evaluated.

2. Experimental procedure

2.1. Materials

The N-[3-(triethoxysilyl)propyl]-4.3,-dihydroimida-
zole (TSPIL was used as a network-forming mono-
meric organoalkoxysilane. The metal alkoxides
employed as cross-linking agent were aluminium,
titaniumf1V), and zircomumi{lV) isopropoxides.

The Alm-forming mother liquor. which served as the
precursor solution. was prepared by incorporating the
TSPI-MIOC H-),. 1M = Al Ti and Zr. n =3 or &)
mixture inte a methyl alcohol/water mixing medium
containing an appropriate amount of HCL In order to
produce a clear precursor solution, it was very import-
ant to add the HCI, as a hydroiysis accelerator, to the
blending material, thereby forming a vniform coating
film on the metal substrates. The mix compositions for
the precursor solution systems used in this study are
given in Table L

The metal substrate used in the experiments was
2024-T3 ¢lad Al sheet containing the following chem-
ical constituents: 92 wt % AL 0.5 wt % St 0.5 wt % Fe,
45wt % Cu. 0.5 wt % Mn, 1.5 we % Mg, 0.1 wt % Cr,
025wt % Zn, and 0.15 wt % others.

The oxide etching of the Al wus carried out in
accordance with a weli-known commercial sequence
called the Forest Products Laboratory (FPL) process
[27]. As the first step 1n the preparation, the surfaces
were wiped with acetone-souked tissues to remove any
organic contamination. They were then immersed in
chromic—sulphunic acid (Ma,Cr,0. 2H,0:H,50,:
water = 4:23:73 by weight) for 10 min at 80 °C. After
etching, the [resh oxide surfaces were washed with
deionized water at 30 “C for 5 min, and subsequently
dried for 15 min at 50°C.

Coating of the Al surfaces using the sol system was
performed in accordance with the following sequence.
The FPL-etched Al substrate was dipped nto the
precursor solution at ambrent temperature. The sub-

strate was then withdrawn slowly from the soaking
bath, after which the substrate was preheated in an
oven for 20h at a temperature of 150°C to yield a
sintered coating,. The samples were subsequently
annealed for 30 min at 350°C.

2.2. Measurements

The combined techrmiques of thermogravimetric ana-
lvsis ITGA), infrared ([R), X-ray powder ditfraction
(XRD), and X-ray photoelectron spectroscopv (XPS)
were used to obtain fundamental data regarding the
condensational and pyroiytic changes in conforma-
tion, surface and interface chemical components and
states, as well as the degree of network cross-linking
for the metal alkoxide-modified organosiiane poly-
mers at temperatures up to 350°C.

The surface microstructure and elements of the
films after deposition on the Al substrate were ob-
served using scanning electron microscopy (SEM) in
conmjunction with encrgy-dispersive X-ray (EDX)
analysis,

The electrochemical testing for data on corrosion
was performed with an EG&G Princeton Applied
Research Model 362-1 Corrosion Measurement Sys-
tem. The electrolyte was a 0.5 v sodium chionde
solution made rom distilied water and reagent grade
salt. The specimen was mounted in a holder and then
inserted into a EG&G Modet K47 electrochemical
cell. The tests were conducted in an aerated .5 wm
MNaCl solution at 25°C, on an exposed surface area of
the 1.0em?. The pelarization curves containing the
cathodic and anodic regions were measured at a scan
rate of 0.5 mVs™! in the corrosion potential range
of — 1.2t —03V.

3. Results and discussion
3.1. Characteristics of sintered
crgancmetallicsilane compounds
Belore assessing the properties of polymetallosiloxuane
(PMS) coating films deposited on Al substrates. the
thermal und chemical characteristics of the metal
alkoxide-modified organosilaneg compounds were
explored using TGA, IR, and XRD techniques. The
specific areas of study were the thermal decompaosition
process, phase-related transitions, pyrolvtic changes
and rearrangements in conformation, and the crystal-
lization of the sol-gel derived organometailicsilane
compounds.

TABLE [ Cuemposiions of clear precursor sotutions used in vancus MiOC  H.j, - modified TSP systems. (M = Zr. T AL n = Yor 4
TSPIAMOC, Ha,  TSPI ZriOC,H o, T Hay, AlLOC H-,y CH,OH Water HCl
lwl ritlio) Iwt ) 1wl fwe 4 fwit ) 1wl " (R twi ul TSPI
+ MIOC,Ha,

10600 S0 3 20 12

L URY] 35 15 30 20 20

30750 25 25 - 30 20 M)

70430 35 15 ki 20 [

M50 25 25 3 20 25

70: 30 a3 L5 1H 20 40

50450 25 a5 30 0 0
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The aim in this broad exploration was to under-
stand the thermal decomposition process and the
transition of the sintered organomerallicsilane to 1ts
inorganic polymer phase by pyrolysis in an air en-
vironment. From the mix compositions given in Table
I. 150°C sintered powder samples with 100/0 and
50/50 TSPI/M(OQC,H-), ,, ; weight ratios were selec-
ted. Their TGA curves are depicted in Fig. 1. The
onset temperatures of decomposition were obtained
by finding the intersection point of the two linear
extrapolations. As one can see, the onset temperature
depends upon the spectes of metal alkoxide reagent
added to the TSPI. The beginning of thermal decom-
position for all of the samples, with the exception of the
AOH;H,);~-TSPI system, is likely to occur over the
temperature range 300-330 °C. Decomposiuon of the
TSPI/AIOC H-), system started at a lower temper-
ature (200 7C) than the other metal alkoxide systems.
The weight loss curve of bulk TSP| exhibited the two
step decomposition process: the first step cecurring at
4 temperature between 350 und 430 -C and the second
step ranging from 430--600 C. The former change
might be associated with the liberation of hvdrocar-
bon and chemisorbed water; the lutter may be caused
by the removal of excess carbon in the samples. Be-
yond the annealing temperature of 600°'C, the curve
levels off, iImplying that the conversion into inorganic
phases is essentially compiete. Although the curve
shapes of the TSPI/M{OC,H,), ., ; svstems are unlike
that of the bulk TSP, the final transition temperature
to the inorganic phase was almost the same as the
buik TSPL. When compured to the werght loss {ap-
proximately 42%) of TSPIL at 600" C, less of a weight
loss was ohserved for the TifOC,H,i, system, whereas
the Al{OC,H-), system huad consideruble mass |oss.
approximately 68%. This large weight loss caused by
the pyrelysis could be associated with un enhanced
degree of shrinkuge of the precurser couating films that
results in cracking and delamination of the Blms rom
the substrates.
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Based upon TGA data. the pyrolytic changes and
rearrangements in conformation at 350°C were stud-
ied with IR, Fig. 2 shows the IR absorption spectra for
150 *C-preheated powder samples of bulk TSPI and
the TSPI/metal alkoxide. 50/50 ratio samples. The [R
analyses were conducted using the KBr method which
incorporates the powder sumples of 2-3 mg inte KBr
peliets of approximately 200 mg. For the metul
alkoxide-TSPI samples and the TSPI bulk sample.
the various absorption peaks and their assignments
are shown in Fig. 2 and Tabie II. In the TSP bulk
sample (Fig. 2a), the shoulder peak due tc the super-
position of physically absorbed water and hydregen-
honded O-H stretching in silanol Si-OH groups is
located at 3450 cm ™' [3] Because no N-H bond
exists in the monomeric TSPl used as a starting
matendl the peak assignment at 3240 cm ~ ! seems to
reveul a newly developed N-H stretching mode in the
dihvdroimudazole [4]. The bands around 2930 and
2880 cm ™' are uttributed to absorptions due to the
C-H strerching mode in the methvlene chamns and
dihvdroimidazole rings. The C-H bending mode
peaks appear at 1435 and !395c¢m™'. An intense
absorption peak. observed at 1635 cm ', is ascribed

to the imine, /C=N~, stretching vibration in the

five-membered dihydroimidazole rings [3]. Five-
membered heterocycles commonly have twe other
fundamental ring stretching bands at [requencies
ranging Irom 1670-1400cm ™! [6]. Thus, the weak
peak near 1525 ¢m ~! could reflect on the ring-stretch-
ing modes. The other peak corresponding to the
heterocyclic rings may be masked by strong C-H
absorption in the vicinity of 1430 ¢m™*. The pro-
nounced peak at 1135c¢m ™" verifies the existence of
the siretching mode of the 5i-O-C bond in the Si-
joined zlkoxy groups [7]. As is well known [37. the
peaks at 1035 and 775 ¢m ™' are associated with the
stretching of $i-O-5i and the bending of Si-0-35i
bonds. respectively. These bonds n the polymeric
organosilune are formed by the condensation reac-
tlions between neighbouring silancl functions. The new
peuk developed at 895 ¢m™* can be assigned to the
C-Cl stretching band in the chlorinated compounds
[8]. The development of this C-Cl band can be
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cxplained if the emergence of the N-H peak at
3240cm ™! is taken into consideration. Because the
imidazole group in TSPI acts as a strong base by
accepling a proton [9], the nucleophillic attack of
H” to the dihydroimidazole N bonded to the propyl
group in the HCl media leads to the cleavage of the
N-CH, linkage {10]. Then this bond breukage forms
thr imidazoline us denvative of dihydroimidazole,

' H. and polvmeric organosilane <ontainin
NJ P &
Cl-substituted end groups. This HCl-catalysed hydro-
lysis-polycondensation reaction will occur according
to the iollowing sequence

At 150°C, the two major components. polymeric
organosilane containing oxygen-bridged metal com-
pounds and isolated dehyvdroimidazole derivative.
appear to be present in the pre-heated materials.

To support the proposed reaction mechanism,
the absorbance ratios between the M-O-C peak at
1300cm™" and the C-Cl peak at 695cm ™' were
¢omputed as u [unction of the TSPI/MIOC,H.),
ratio, As expected, the resultant data (see Fig. J)
indicale that the absorbance ratios increase with an
increase in the proportion of M{OC,H-),. This. there-
by, implies that the reaction of the hahde with the OH
in the hydroxviated metals favours the elimination of

DN—(CHI)J—SiE(()CxH‘)J +nH* + aCl~ —e N___/NH + Cl—(CH,);—Si=Cl, + 3C,H,OH

CI—(CH,),—Si=C), + 3H,0 —

C!—CH,},—Si=(OH), + 3HCI {2)
cl cl
m[H)j (CH),

—s|i-0H + HO—Si— fm

cl I
(GF2)y (GHa)s

—+|Si—0—-?i),,— + nH,0 i3)

On the basis of the information, the spectral fea-
tures of the metal alkoxide-modified TSPI samples
were investigated to identify the reuction products of
TSPl with metal alkoxides at a low temperature,
150 C. Compured with the spectrum for bulk TSP,
characteristics noted for the ZrOC,H.),- and
TiOC;H-) -systems spectra (Fig. 2b und ¢) are as
follows: (1) the uppearance ol 4 notable peuk neur
1300 cm ™' which corresponds to metul (Zr und Ti)
~0O-C linkages [ 1], (2) the loss in C-Cl peak intensity
at 695cm !, and (3) no remarkabie peak present
around 950 cm ™' which would be attributable to the
Zr- or Ti-0-3i linkages (3. 12] in the PMS formed.
As a result, it is believed that the hydroxyl groups
derived [rom the HCl-catalysed hydrolysis of
Zo(OC,\H5), und THOC,H,),, react preferentially
with the Cl in Cl-substituted end groups in the silane
compound. rather than the sifanol groups which ure
formed by hydrolysis of the ethoxysilyl groups in the
TSPIL. The proposed rcaction mechanism for this is
shown below

=M—OH + Cl—CH, ), —=Si=I0H), 4
i Il

M M
6 b

(CHCHL,

“#51—0—51-0), + wHC + aH,0 (4

where M = Zr or Ti.
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hydrogen chioride. The formation of Cl-terminated
end groups plays an imporwant role 1n creating the
M-0-C linkages.

On the other hand: the introduction of Al(OC H-j,
reagent into the TSPIL results in many different fea-
tures being present in the spectrum (Fig. 2d). Specifi-
cally. no peaks from the N-H stretching and
ring-stretching modes in the dihydroimidazole de-
rivative at 3240 and 1525 cmm ™!, the M~O-C linkage
band at 1300cm ™' and the C-Cl bond peak at
695 cm ~', were found. However, two new absorption
frequencies around 1590 and 945cm ™' did emerge.
Because dihvdroimidazole ring stretching in mono-
meric TSP is discernible from a strong peak in the
vicinity of 1640 cm ™' {not shown), the first of the new
peuks may reveal the presence of the original dihy-
droimidazole attached to the propyvi C of TSPL The
formation of AI-O-Si linkages possibly cxplains the
new ubsorption band ar 945 cm " ' [13. [4]. Therefore.
compared to the Zr(OC,H,),-and TUOC,H-),-TSPI
systerns. 2 different reaction process occurs in the
ANOC,H;), TSP! system. Questions as to why this
systemn does not produce heterocyclic derivatives and
the Cl-substituted end groups still remain. It is evident
that polymeric organoaluminosilane network struc-
tures containing Al-0O-Si linkages do form ut 150 °C.
The conlormation of this hypotheticul reaction prod-
uct may be us follows:

.'l’\l
0
- |
N—(CH.1,—$1—0—
N= i
0

[
(

The IR studies were further extended i an attempt
(o understand and claniv the pyrolvie conformution
changes in inorganic PMS produced by anneahng in
air ut high temperatures. All of the 150 C pre-heuted
sumples were heated for 12h in air ut 350°C. Fig 4



TABLE [ Summary of the assignments of IR absorption detected in the spectra of bulk TSPI sample at 150°C

Wave numbers Vibration® Absorbing species
lem ™
450 vOH H-O-Si and H,O
3230 vNH H-N in dihvdroimidazole derivative
2930 vCH -CH,- and dihydreimidazele derivative
JR80 vCH -CH,- and dihydroimidazoie derivative
1653 vON - = N-in dihvdroumidazole derivative
1525 v ring in dihydroimidazole derivative

1435 HCH and v ring -CH,- and dihvdroimidazole derivative
1395 SCH —-CH,- and dihydroimiduzole derivalive
1135 VS1-0-C Si-0-C,H,

1035 v8I-0-5i Si-O-51

775 BSi-)-51 S5i-0-5i

695 vC-Cl Cl-CH,-

* v denotes streiching vibration. & denotes bending vibralion.

- /

Ir [0CyHy 1

o
L

Ti{0CyHq 0y

Abserbance robio, 300 eq /4 pg5 g 1

I 1 ]
70730 50/50 40/60
TSPt/M{OCyHyl, ratia

o
100/0  90/10

Figure 1 Varialions in absorbance rulio of M-O-Cal 1300cm ™' to
C-Clut 895 ¢m ' us u lunction of TSPUMIOC Ho, ralios.
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Figtwe 4 IR spectr foe 350 Coannendad 1000 and 50510
TSPUMIOC Ho, L, svstems: Tan TSPL by TSP ZndC (He,
1) TSPUTHOC Hey,, and 1d) TSPIAROC H-),

illustrates the IR spectra for the 350 O anpealwl
sample series. The bulk TSPI sample spectrum
(Fig. ) changed markedly, compared with the 150 €
treated sample spectra. These changes are as [ollows:
(1 a considerahle loss inintensity of the peaks at 2930,

2880, 1435 and 1395cm™ ' (2) a slight shift of the
>C=N— bund at 1655cm” ' toward lower wave

numbers {1620 cm ™ '), 13) a decrease in intensity of the
peak uround 1135 cm ™' correspondinyg to a decreuse
in Si-CH,- bonds. and (4) a disappearance of the
C-Cl peak ut 697 cm ™' Changes 11}, (3) and (4] result
directly from the elimination of a large amount of
carbonaceous groups such as CH,0 and CH,CHO
[rom the polymeric organosilane networks, The
absorplion band near 3400 ¢m ™! and a weak band
around (450 cm™!', are due to the superposition of
ring stretching and H--0O-H bending vibrations. Thus,
around 350 °C the polymeric organosilane is believed
to be pyrolytic converted into the inorganic poly-
siloxane network. Nevertheiess. some restdual imida-
zole derivative still remuains in the polysiloxane
network.

Attention wus then focused on the specira for the
TSPL/ZNOC,H.), (Fig. 4b) and TSPLTIOC,H-1,
{Fig. 4c} systems. The depicted spectrum feutures of
annealed samples were characterized by the devel-
opment of new peaks ut 950 cm ™' (b} and 930 ¢m ™!
(c). These absorption bunds signily the formation of
Zr-0-5i or Ti-O-Si linkuges, respectively. The pre-
dominance of the Si-O-Si band around 1020 ¢m ™',
proves thut the inorganic PMS structures cun be
formed at 350"°C through the pyrolytic in sirie trans-
formation processes shown below

M M M M

¢ e 9o
I(!‘H_.)_‘ {CH.), — = {?i—O——:l;i}T
= [—.T‘i#()—?:}; 3

Where M = Zr or T Under anncading condinans,
these pvrolyvie conformation changes vecur with the
climinition of numerpus orgdme groups, Onee the
orgnopolysilane inorginic PMS transition is com-
pleted. the Zr and Ti metal oxides located in the
nelwaorks act as cross-linking agents which connect
the polysiloxane chuins,
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In contrast, the spectrum [or the postannealed
TSPI/AI(O,H,), system indicated the shift in the
Si-O-Si band at (033cm™! to a lower position of
(000 cm ™ ¢ and the disapoearance of the 950 cm ™!
peak corresponding to the Al-O-Si linkages. The
shifting and disappeurance ol these peuks render the
thermal decompaositions of 130 C-lormed organe-
polvaluminosilane as u means of the bond breakages
of AL-O-Si linkages. This strongly suggests that
the Al-O-Si bond-based network structures, which
are formed readily at a low temperature of 130 °C, are
vulnerable to pvrolysis. However, conformation ol the
pyrolytically assembled PMS, which is represented by
the metal oxide cross-linked polvsiloxane networks, is
responsible for the development of high-temperature-
performance inorganic polymer structures.

In uddition to TGA and IR unatyses. an XRD study
wis considered necessary to determine whether the
pyrolysed materials had crystallized. Fig. 3 represents
the XRD patterns of the 350°C unnculed metal
alkoxide-TSP| systems. over the diffraction range
0.444-0182 nm. For the ZaOC,H., (a0 and
A{OC,H-1, (bl systems. no spucing lines were detec-
ted gver this diffruction range. Hence, this indicates
thut the PMS in these systems 15 essentiully amorph-
ous. In contrast, the ceflections at 0.353. 0.236 and
0.190 nm for the TSPI/T{OC H,), system are ot-
tributable to the presence of a certain ymoung of
anatase, TiO,. crysialline particles in the amorphous
polytitanosiloxane layers.

3.2, Characteristics of PMS coating films

On the basis of 1he above findings. the investigutions
were focused on understanding the physico-chemicul
factors govecning the formation and fabrication of
high-qualuy PMS couting fitms. Uniformiiy and
conunuity were siudied using surlace and interface
amalytical 100ls such as SEM-EDX. and XPS. As
described earlier in Section 1, thin PMS films with a
thickness of up 10 0.5 um are of purticular interes: 1o
this study. To obtuin 4 thin coating fitm, 20 ¢ of the
orginal precursor sol solution 1shown in Table D)
was diluted with 80 g deionized water. First the FPL-
etched Al substrate was dipped into the diluted film-
forming precursor solution. and then sintered in un
oven at 130 C for 20h, In order to form the pyrolysis-

la)
g
Ib)
0.353nm
1

0.19rm

.

1 | 1 ] 1 1 ]
20 25 h1H] 11 40 45 50

Cuig 28 ldegl
Froeee 5 XKD tmaamgs dor 3500 Comnealed 800500 G
FSPL A Hopy, e TSPLANOC HL amd ter TSTE T
1OC Loy svsients,
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induced PMS coating films, the 130°C sintered sam-
ples were subsequently unnealed for 30 min a1 350°C.
The thickness of the PMS film deposited on the
substrate was determined using a surface profile
measuring system. The average thickness of the films
derived from the precursor solution consisting of
10040, 70:30, and 30/30 TSPI:MIOCH-}, ,, 5 ratios.
ranged approximately, from 0.2-0.4 pm.

Fig. 6 shows a scanning electcon mucrograph for the
metal voxide-uncross-linked polvsiloxane {PS) origin-
aung from the [00/0 ratio precursor. The surface
microstructure of this pyrolysed flm reveals a large
number of pits and microcracks. The EDX spectrum
(not shown} accompanying the SEM image indicated
Si to be a principle component of the film, but Cl was
not detected in the film. Thus, the HCl which was used
as a hydrolytic catalyst of TSPT was probably elimin-
ated [rom the sintered precursor films during the
pyrolysis at 350 *C. Therefore, possible attack to the
Al substrate by corrosive dissociated Cl ions was
disregarded. Although some microcracks were pre-
sent, the polyzirconosiloxane { PZS) film denved [com
the 70:30 TSPI:Zrn OC \H-), ratio precursor tFig. 7a),
exhibited fur better coating feutures and no pits. EDX
quantitanve gvaluation ol this hlm indicated that no
Cl was present and that the Zr to Si intensity count
ratio was 0.17. Compared with the 70:30 ratio sample,
the 50/50 ratio-derived PZS film had numerous micro-
cracks (Fig 7b) Hence, the intorporation of an ex-
cessive amount of ZrfOC,H,), in TSP leads 10 the
generation of stresses within the flm brought about by
differences in the thermal expansion and/or the differ-
entiul shrinkage between the film and substrate ducing
pyrolysis.

In the cuse of the polyaluminosiloxane (PAS) de-
rived from TSPI-ANOC,H-); systems. SEM images
for either 70/20 (Fig. 8a) or 50/50 tFig. 8b} ratios
indicate lilm discontinuity and non-uniform features,
and partial delamination from the substrate. These

Freare d Seatmng clectron mcroeraph of PS conzing hlm derivad
Iron 1041° TRTPLal 350 ¢
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Element Intensity feonnts i0s) Intensuy ratio Si
Zr REL) .17
Si 1407 1.0X)
Cl 0 0.00

undesirable fOlm-forming charucteristics, in  con-
nection with the results of TGA and IR, are due
presumably to greut stresses pgeneruted at the
film-substrate interfuce caused by the lurge weight
loss and thermal decomposition of the film due to
Al-0O-5i linkages breaking. The most ideal PMS coat-
ing surluce consists of a uniform tilm free of cracks and
pits aver large dimensions. These characteristics were
observed in the 30/50 TSPI:TiGC, H-), ratio (Fig.
Ybi-derived polyttanosiloxane (PTSE However, in the
70/30 ratio film. a few microcracks developed (Fig. Yal.
[t appears thut the use of a proper TSPl to
TWOC;H,), proporuon is one of the important fuctors

A 10 wm
Ty ] 4

Fivwre T SEM u bhimtages and fen EDX analysis ol PZS counings
lormed by anmeating wt 350 O o H500 and o BT
TSPl ZrOt H-), ratio precursor films,

leading to the formaton of high-quality inorganic
PTS amorphous coatings containing crystalline
anatase particles,

Further experimental work focused on identifying
the chemicul compoenents and states at the outermost
surfuce of the various PMS coatings. XPS was used to
obtuin this informution for coatings derived lrom a
T0/30 TSPI/MIOC H-), , 5 ratio precurser solution.
Forthe scale in all the XPS spectra. the binding energy
(BE} wus calibruted with the C, of the pnncpal
hvdrocarbon-type € peak fixed at 2850eV as an
internal reference standard. The €, core level spec-
trum of the PMS surfluces was not taken into consid-
eraton. because the concentration of hvdrocarbon
impuritics on pyrolysis-induced surfaces was negli-
gible compared to the intensity of the signal from the

" ;’ -_——

-~ ’
¥

Froeee S SEM nmages ol 350 Copyralysed () 70 30and thy S0SUTSEFE ALOC L, satia conrting bl
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Figare ¢ 1a. b) Surfice features and (¢, dy EDX data of pyrolysis-induced PTS coaling litms: 1a1 70/ and thy 50750 TSP1:Ti (OC H-1, raue

SVELCMS.

unpvrolysed samples. A curve deconvolution lech-
niguc was emploved to find the respective chemical
components [rom the high-resolution spectra of cach
clement, and to determine the relative quantity of a
particular chemicul state.

The Si,, and O, core level photoemission spectra
[or the PS {denived (rom 1004 TSPH, PZS. PTS. und
PAS lihms are shown o Figs 10 and 1} respecuively.
The Si., region for the PS couting (Fig. 100} reveals
only a single peak at 1028 ¢V, corresponding to the
silican in the siloxane bunds, Si-0-Si [15, t6]. Drastic
changes in the position, intensity, and shape of the iy,
peak were induced when zirconium, titunium and
dluminium oxides were incorporated in the PS nei-
work as cross-linking agents. The Si,, signul lor the
PZS surfuce (Fig. 10b) could be resolved into two
Guaussian components at 10bé nnd 1028 ¢V, The
former peak us the principal component corresponds
to the silicon in the Zr -O-5Si linkages [17, 18] und the
latter uscribes the siloxane Sias 2 miner component.
The peak shape of the PTS Rlm (Fig. 10¢) 15 strikingly
dilterent from that of the PZS. The peak ol siloxane Si
eimerged at 1028 ¢V is of a principal component, while
a shoudder peak at 1016 eV, interpreted as the Sin
the Ti € Sy bonds, s of a4 minor compuonent. This
nlers thatl the extent of cross-linking of titanium
oxides in the PTS coating ix Inwer thun that of the
rcnmum oxides in PZS. Peak leutures simifar to
those ol PZS were observed on the PAS  lilm
iFig. 10y, sugpesting that, ke PZS, the surfuce con-
ttins o highly densilied Al O Sionetwork, The O,
spectrinm o PS (Fig 11u) exhibits un asymmetric
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shype containing a main peak ut 532.4 ¢V originating
l[rom the bridging oxygen-bonded (o two Si atoms (the
siloxune bond). Assuming that the nonbridging oxy-
gens are bonded 10 one Si. und more likely 10 one H
ithe hydroxylated Sil are present at the PS surface. the
cause of the shoulder a1 = 32%4eV can be cstub-
lished. This shoulder, which is ubout 3.0 ¢V lower than
that of the bridging oxveens in the Si O-Si. 5 wi-
tributable to nenbridging vxygens [19] In conrast.
O, spectra for the PMS coatings are characterized by
a broud, usymmetric peak which obviousty contuins at
least three components situated at 3324, 531.5. and
x 5294 ¢V, The mujor component at 331.5¢V be-
longs to the metal-bound oxygen in the M-0O-Si
linkages [20]. The two shoubders at 3324
and = 5294 eV ure presumably due 10 the badging
oxygens in the Si-O-Si und the nonbridging oxveens
in the Si-OH. respectively. The intensity of the non-
bridiing osxygen peuk seems 10 depend on the species
of PMS, The quantitative evaluation of Si- O groups
existing al the outermost surlace was carnied out by
comparing the imegraed intensity zihie of pyveen m
SiOOH peak at approximately 3204 ¢V 1o oxveen i
the M () 8i peak at approsinttely 33135y A
resall, the PTS surluee indicated the hiehest sino
of 1133 (Fig. 11 Beeituse the peak of Ti0). osvaen
appears near 3294 ¢V [ 210 227 this peak will inciude
contributions from both SiIOH und TiO). oxvacns,
Nevertheless. the presence of an appreciable number
ol polur OH groups ut the siorface of PMS s very
important o adhbesion 11 s belicved that the OH iy
the hydroxylated Si compound promoles the chemicul
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link between the organic and inorgamic polymers
through covalent or H bonds. Fig. 12 illustrates the
Zr 3d and Ti 2p doublet separation spectra lor PZS
and PTS, respectively, and the Al 2p region for PAS.
The 3d.,, und the 3d,,; lines at 182.3 and 184.2 eV lor
Zry, spectrum are assigned to the Zr in the Zr-C-5i
linkages. The symmetric peak at 74.1 €V in the Al 2p
spectrumm corresponds to the Al in the Al-O-8i bonds
[17]. For PTS. there are lour peuks wn the Ti2p
regions. The main 2p,,, peak at 458.7 ¢V and the 2p,
line at 464.5 eV are assigned 1o the Ti in the Ti-0-5i
linkages. The anutuse Ltanium was ohserved 1n Lhe
2pyss peak at approxmately 459.2 ¢V and 2p, -, peak
at approximately 4651 ¢V [23]

The adhesive natare at the interface belween PMS
and the FPL-ciched Al suhstrie 15 an important
factor contribnting o 4 good him-forming hehaviour
and 10 suhsequent corrusion protection. Therelore, it
5 worthwhile 1o assess the bonding structure and
mechamsm at the PMS Alnwerlace. For these inter-
[aee studies, a PTS coating was selected fram Lhe other
PMS lilms. The thin PTS hlms suitable lor XPS
analyses were labricated on the ctehed substrates in
aeeordunce with the following procednre: u (13% sol-

532.4

lal

1]
{c] ‘
(d} I L
S| 1 (1l A
537 533 529 525

Binding enerqy leV:

Figure {1 O 15 region of {0 PS, b1 PZS, (e} PTS and wd) PAS,
Inegrated intensity ratio of HSIGHYOIM-O-8ik 1b) 0.3, ey 0.53
and ¢y .36,

precurser solution m deionized water was deposited
over the substrate surlaces by spin-codting uat
1000 r.p.m., and then heuted for 20h at 150°C to
produce a sintered film. The pyrolytic conversion of
the sintered film into the PTS film wus accomplished
by anneuling for 30 min at 350 "C. Finally, the resuli-
ing interfaces were exummed using XPS,

The PTS films made by this method were thin
enough to permit the photo-emission signil from the
underlving Al suhstriate to be detected. Figs 13 and 14
show the Al 2p and the O [5 core level spectra for the
FPL-ctched subsirate and lor the interface between
the PTS and the suhstrite. As s evident from the Al 2p
peak at 744 eV (Fig 1200 the muin component of the
outer suclace of Al iy alumininm oxide. AL, [200,
The Al 2p signal i the PTS Allinterface (Fig 13b)is
composed ol wo maor components ot 744 and

% 7dUeV. The exciting photoemission at 74.4c¢V
ongmates from Al O ajumimum: however, the new
lincat = 740 ¢V is of purtienkir interest. As discussed
carher, the aluminmum in the Al O Si linkages refers
1w peak at 731 ¢V, Thus, the possible assignment of
thix new peak is Lo the aluminium in the interfacia]
oxune bond bridging the PTS to the A1, Such
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Figure 12 XPS specira of ta) Zr M. (by Al 2p. and (¢} Ti 2p regions
for PZS. PAS. and PTS coutings. respectively,

interfacial covalent bond structutre may be iflustrated
as foliows

| .
-—Sli—O—#l\l Substrute

(I

These covalent bonds presumably form through a
dehydration-condensation reaction mechanism of the

N
hydroxylated Al,Q, with the -Si-OH. in the PTS

film. The investigations of the O 1s region appear to
support the ubove-mentioned findings. The new peak
ar 531.2eV, emerging at an interfucial boundary,
(Fig. [4b)is associuted with the oxygen in the Si-O-Al
{on the surface of the substrate) honds, whereas the
posiuon of the peak at 531.6 eV corresponds to the
ALO, oxveen iFig. 14a) The Si 2p signal (Fig. 150
asymrmetric beeause it consists of three components at
10249, 1017, and 99.6 ¢V, The major hae at 101.7 ¢V
can be ascribed Lo the Siinthe M O Si linkages, and
the weuk shoulder at 1029 ¢V to the 5t St O S
linkages. The existence of olber possible Si-based
companents could not be established on the basis of
the nunor peak al 99.6 ¢V, Apart from a shght hroad-
coing of the peak no speciual spectral features were
observed on the Ti 2p doublel separation spectrum

(Fig. 15 compured with that of PTS surlice
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(Fig. 12} This information suggests that the extent of
reuctivity of titamum oxide, which acts us a cross
linking agent between the polysiloxane chains, with
the AlL,O, 15 very small. Hence, the Al,O, surface
formed by FPL treatments of Al substrates preleren-
tially links with the siloxane, ruther than with the
titanium vxide groups. From the above results. it can
be rationalized that two major lactors, (1) the cross-
linking ability of metal oxides between the polysilox-
ane chaios. and 12} the lormation of PMS-AI
interfacial chemical bonds. iare responsible for greatly
mmimizing the development ol siress cracks hy
shrinkage ol pyrolvsed PMS litms, These imporlant
factors not only contribule o good lilm-lorming beha-
vivur, but also relute dircetly the alfects ol 1he cor-
rosion protection of Al substrates.

Adl ol the above dala were correluted winh corrosion
proteciion provided by the pyrolysis-induced PMS
coatings on FPL-ciched Al The corrosion data were
oblaned rom the polarization curves for PMS-couted
Al samples upon exposure in an acrated 0.5 M sodium
chlonde soluton gt 25 € The typical cathodic

TABLE (11 Corrosion petenizal. E_,,. and corrosion cureenl.
{ e vitlues for PMS-coated and uncoaled Al specimens

Coating svstems {Zonp Teoer
ITSPLMOC H-1, 50 [v versus SCE) (LAY

Uncosted (blank) —-0Mns 28
PS {100/0 — 0693 1.8
PZS (T0/30} — 0.625 T8x 07!
PZS (50750} - 0.710 IS
PTS (70730) — .38% LEx 10!
PTS (50/50) — 0.596 l6x 107!
PAS (70/30 - 0.664 ¢0x10°?
PAS (507500 ~ 0700 1.8

anodic polarization curves exhibiled a short Tafel
region in the ¢athodic polarization. but no Tafel re-
gion was found ut the anodic sites. To evaluate the
prolective performunce of coatings. the corrosion po-
tential, E,. and corrosion current, [, were deter-
mined for the polanzatton curves. The former is
defined us the porential at the transition point Irom
cathodic to anodic polarization curves, [, values
were measured by extrapolation of the cathodic Tulfel
slope. Table 111 summarizes these results, As seen in
the table, the major affect of these PMS coatings on
the corrosion protection of Al is to move the £,
value 10 less negative polentials and 1o reduce the
cathodic current, [,,,.,. [n particular, the test samples
coated with PTS produced significantly higher E.,.,
and lower [, values thun compared with those for
the uncoated samples (blanks). This strongly suggests
that these PTS coating films will serve o provide good
corrosion resistance 10 sodium chloride solution and
in minimizing the corrosion rates ol Al. The protective
ability of other PMS systems seems 1o depend on the
TSPI/MIO,Ha), 3 ratios in the precursor sol sol-
ution. Coatings derived rom a higher ratio of 30:350
displace a lower corrosion resistance in sodium chlor-
ide medium. Similarly. the metal oxide —uncross-linked
PS couting performed poorly and provided no signi-
ficant corrosion resistance. The reason for the poor
protection performance is, primarily, due to the pres-
ence of numerous microcrucks and pits in the hlm
layers, In other words. the sodium chloride solution
penetrated the blemishes and progressively under-
mined the coutings.

4. Conclusions

Inorganic amorphous polymetallosiloxane, PMS, can
be synthesized through hydrolysis—polvcondensation-
pymlysis reaction of sol-precursnr solution svsiems
consisting ol V-[3-itricthoxysitylipropyl]-4.5-dihvdro-
imdazole (TSP and M(OC H-), (M = Zr, Tiaud Al
n=173or4 us a llm-Torming reagent, the HCI as g
hydrolysis catalyst. and CH  OH and water as a higuor
medium, During this study ol corrosion-protective
thin lilms Tor low melting poinl Al substraies. the
lollowing seven items could be conclusively gen-
cralized as the mujor physico-chemical lactors gov-
erneng the lilm-lormine behaviour of PMS under the
sol pregursor |25 'C) — sintering (150 "C) — unnealing
(350°C) processes.
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I. During the sol-film forming stage. the addition of
HC !l 1o the muxtures of TSPT and M(OC;H,), induces
the formation of hydroxylated metals, the Cl-substi-
tuted end groups in the monomeric organosilane and
the separation of imidazole derivatives lrom TSPL

2. In the sintering process of xerogel films at 150 C.
the lormation of metul oxide polyorganosiloxane
band formed by the dechlorinating reaction belween
the Cl attached to propyl € in organosilane and the
praton in the hydroxylated Zr or Ti compounds,
played an important role in weight {oss of the film.

3. Referring to item 2, the uluminium hydroxide,
derived from ANOC,H ), in which the trivalent ion is
the principal oxidation state, preferentially reacts with
hvdroxviated organesilane to form the Al-O-8i link-
age at a low temperature. However, this linkage was
broken when the sintered film wus annealed a1 350 C,
thereby creating large stress cracks and a high weight
loss of the film.

4. The pyroiysis of titanium and zirconium oxides-
ncorporated polyorganosiloxane compounds led to
the formation of titanium and zirconium oxides cross-
linked with polysiloxune. while ulso :liminating
carbonuceous groups and Cl compounds from the
sintered materials. These cross-linked network struc-
tures served lo minimize the development of siress
cracks in the films pyrolysed at 350°C.

5. Although a certain amount of crystalline anatase
particles were present in the amorphous polytitanosil-
oxane (PTS) coatings. the moderate cross-linking ef-
fects of ttanium oxides and the densification of the
M-O-Si linkuge provided the most effecuve coaling
film 1 this study.

6. The identification of covalent oxane bonds at the
interfaces between the PTS und the FPL-etched Al
substrate iilustrates the possibility of strong adhesive
lorces.

7. Referring to items 4-6 described above. the in-
tegrated assignments of these fuctors were correlated
directly to good corrosion resistance of Al alloys in the
NaCi solution.
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Interfaces of polyphenylene

sulphide-to-metal joints

T. Sugama and N.R. Carcieilo

{Brookhaven National Laboratory, USA)

High-temperature polyphenylene sulphide (PPS) film was depasited on the surface of
cold-rofled, stainless and gaivanized steefs by slurry coating in Ny and O, gases at
350°C The value of the interfacial PPs/steel bond strength depended primarily on the
species of sulphur-related iron compounds formed as reaction products at the
interfaces. The order of these reaction products, which play an important role in
developing bond strength, was Fe(S04)3 > FeS04 > FeS. In contrast, the conversion
of ZnS, formed at the Prs/galvanized steel interfaces, inte Zn8S0, led to a catastrophic

loss of bond strength.

Key words: polyphenylene suiphide; steeis; bond strength; interface; X-ray

photoeiectron spectroscopy

Powdered forms of polyphenylene suiphide [PPS),
which 1s one of a family of high-temperature
performance polymers, are commonly used as film-
forming matenials in slurry-coating systems consisting
of solid and liquid phases. The major suitability ot PPS
powder for such coating processes is that it causes the
assembly of a high macromolecule through
mechanisms of cross-linking and chain extension at a
temperature above the melting point of approximately
290°C'}, When the PP$ slurry is applied as a
corrosion-resistance coating for metallic substrates, it
would be expected that the fusing-curing processes of
the slurry deposited on the substrates might promote
the thermali oxidations of metals beneath the PPS
coatings. As reported by Bolger®. the high degree ol
oxidation of the metal surfaces has a strong alfinity for
the chemisorption of the organic polymers, and by
contrast, when the metal surfaces were treated in
oxygen-free N, gas environments. the chemical
reactivity of surfaces having u low degree of oxidation
hecomes very poor.

Thus, 1t is of particulur interest to explore how the
reaction products formed at the crtical interfucial
contact zones between PPS and metals in oxygen and
nitrogen environments inlluence the adhesive bounding
of PPS o the metal substrutes. This intormation was
obtained by X-ruy photoelcctron spectroscopy (XP3S)
anaivses of both failure sides at the intertucial
boundares lor PPS/cold-rolled, stainless and
galvanized steel joint systems prepared in oxygen or
nitrogen environments at a temperature of 350°C. The

XPS data on the interfacial chemical state and
composition were correlated directly with the
mechanisms of bonding and bond lailure.

Exparimantal details

Matarials

The metallic substrates used were a commercial AlSI
1310 cold-rolled steel (CRS), AIST 304 stainless steel (53)
and G-90 galvanized steel (G-S). Betore depositing the
polyphenyiene sulphide (PPS) siurry. the surface of
these substrates was wiped with acetone-soaked tissues
10 remove any gross suriace contamination. PPS
powder for the slurry coating was supplied by the
Phillips 66 Company. The ‘as-received” PPS was a lnelv
divided. 1an-coloured powder having a high melt 1low
with a melting point of 288°C. The PPS llm was
deposited on the substrate surlaces in the following
way. First. the substrates were dipped into a PPS siurry
consisting ol 45 weight % (wi%) PPS and 33 wi¥%
isopropyl alcohol at 25°C. Then, the slurrv-coated
sithstrates were prehcated in oxveen and nitrogen gases
at 300°C Tor 3 h, to luse the PPS powder and allow
volatilization ol the isopropyl alcohol liquid phase.
The Now rate ol these gases in a tube lurnuce with a
volume of 1300 cm® was = 200 em’ min ™. To assembte
the cross-linked and extended macromolecular
structures, the Tused PPS was finallv heated in either a
99.5% O» or a 99.9% Ns environment at 350°C lor 2 h.
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Meaesuremants

The chemical compositions and states present on the
substrate surface and on bond-failure sides at the
interface of the PPS/substrate joint systems prepared in
- and N- at high temperatures were investigated from
the peak areas and from determination of binding
energies (BE) deduced from XPS. The spectrometer used
was a V.G. Scientific ESCA IMK IL. The excitation
radiation was provided by an Al Ka (1486.6 eV) X-ray
source operated at a constant power ol 200 W. The
vacuum in the analyser chamber of the instrument was
maintained at 107% wrr throughout The atomic
concentrations for the respective chemical elemenis
were determined by comparing the XPS peak areas
which can be obtained from the differential ¢ross-
sections for core-level excitation’. To set 4 scale in all
the high-resolution XPsS spectru, the binding energy
(BEY was calibrated with the Cy, of the principal
hydrocarbon-rype carbon peuk fixed at 285.0 eV as an
internal reference. A curve deconvolution technique
was emploved to Ind the respective chemical
components from the high-resotution specira of each
element.

The lap-shear tensile sirength of metal-to-metal
joints was determined in accordance with the modified
ASTM Method D- 1002, Before overlapping the metal
strips, 30 mm long and 15 mm wide. the {0 X |5 mm
lap area was coated with PPS adhesive. The overlapped
metal specimens were then placed in an oven at 350°C
for 2 h. The thickness of the overlapped FPS film
ranged from 25 10 75 um. The bond strength of the lap-
shear specimens is the maximum load at failure
divided by the total bonding area of 150 mm?~.

Results and discussion

First, the chemical compositions and states of the bulk
" PPS. the acetone-cleaned CRS. §5 and G-S subsirate
surfaces were invesiigated 1o obtam the XPS reference
data (Table | and Fig 1 The 5/C atomic ratio of 0.1%
for the 350°C-cured bulk PPS surtaces was slightly
higher than the vulue of 0.17 computed from the
fundamental tormula, -[-C,Hy-5-]-,. ol PPS. The S,
core-level spectrum (Fig. () for the bulk PP§ featured a
symmetric curve with a peak at the BE position of
[63.8 eV, originating from the S of the S-C bond in the
PPS structures”. CRS surtaces disclosed the presence of
a large amount of oxygen. which can be associated
with the formation ol Fe oxides, In fact. the main core
ling at 710.9 eV und the shuke-up satellite at a high BE
site about ¥ eV awuy trom the main line in the Feynyn
region are assignabte to the formation ol ferric oxide
(Fe;01), As is evident from a high carbon
coneentration of 58.3% the 38 surtuce scems to he

covered with carbon-based contaminants which cannot
be removed by organic solvents. Regardless of coverage
with the C contaminant, the Fey,;, spectral feature
verified that the underlying Fe compound referred
mainly to Fe;04. The presence of a concentrated P
atom suggested that the surface of the galvanized steet
used in this study was treated by phosphate, The Znsqs 5
spactrum for the G-S substrates denoted the presence ol
a single Zn component at the BE position of 10221 eV,
Since this BE value corresponds to Zn in ZnO
formation®. the dominant Zn compound formed at the
outermost surface of G-S was ZnQ.

The resulis of the lap-shear bond strength of the
metal-to-metal PPS$ adhesive joints are shown in Fig 2.
For CRS and $S substrates, the data clearly
demonstrated that the bond strengths depend primarily
on atmosphernc conditions during the fusing-curing
process of the PPS adhesive at high temperature. The
strengths of specimens prepared under O- are much
higher than those for specimens made in N
environments. The data also showed that the
development of interfacial bond strength for the S§/PPS
joint svsiem is better than that of the CRS/PPS svstem,

Surprisingly, a verv poor interfacial bond was
recorded {or the Os-treated G-S/PPY joint svslem.
Although the bond strength value of Ny-treated G-5:PP3
jotnts is considerably lower than those tor other
systems, the bonding performance of this joint system
was far better, compared with the same joinf system
made in an O, environment,

To clarify the causes of good and poor intertacial
bonds. both failure surfaces were explored by X¥s.
Table 2 shows the elemental compositions for the
cross-section samples of the PPS/CRS joint system after
exposure to N> and to Os. In N4 the interface
chemistry of the PPS side removed from the CRS
substrate was characierized by the amount of Fe and a
larger amount of O in conjunction with 7.4% S and
42.5% C compared with that ot the bulk PPS (Table 1).
A 4.3% S, belonging to the PPS. was detected on the
interfacial substrate surface. Since the Fe and O
elements remaining on the PPS side ure associated
with Fe-0. and/or the interfacial reaction products. the
locus of failure might occur in either the mechanically
mixed laver of PPS and Fe:Qs. or in the reaction
product fayer formed by interaction between PPS and
Fea0O4. A striking difference from the N- samples was
observed on the O>-treated samples: namely. no S atom
was found on the failed CRS sides. Therefore, failure
can be figured us a cohesive mode which occurs
through the Fe-Oh tavers close to PPS. In terms of
achieving u good bonding performance. it cian be
assumed that the introduction of O+ into the interfacial
zones promotes the extent of interaction between the

Table 1. XPS elemental anailysis of bulk PPS and substrates as raference surfaces
Coating and Atomic concentration (%]
subsirale 5

(& S 0 Mn Fe P Cr Zn
PPS 82.5 15.5 20 o = o = =
CRS 25.8 - 59.9 1. 12,5 S S o
38 58.3 - 34.4 - 55 - 1.8 -
G-S 30.4 ~ 50.3 - o 9.1 6.7 3.6
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Fig. 1 XPS mgh-resolution spectra i S, Fes 3,2 and Zrgyg, reglons
for reference palyphenylene sulphide (PP5), col ‘rolled stesl (C r
stainlass steel {S5) and galvamzed stesl {G-5) surtaces

PPS and the Fe;(05. We believe that such reaction
products are much stronger than Fe 04 layers,

To support this information, we inspected the high-
resolution 5., spectra of both the PPS and CRS
interfacial sndes tor the N>-treated samples and the PPS
surface for the Oy-samples (Fig. 3). The asymmetric
feature of the resultant S,, region for the Na-treated
PPS interface reveals two resolvabie Gaussian
components at 161.8 and 1638 eV. From the surface

1.0 -

-

Lap-shear bond strength (MPal

L‘.RS;’PPS G-5/PPS

Fig,2 Lap-ghear bond strangth at metal-to-metat PPS adhesive joints
after exposure in N and O at 350°C

reference spectra (see Fig 1) the shoulder peak at
163.8 ¢V is attributable to the S in the PPS. According
to literature’, the 161.5 eV principai line, which
represents the main chemical component. can be
ascribed to the formation of ferrous sulphide (FeS) as
the reaction product at the intertaces between the PPS
and the Fes(}; in the N» environment. The shoulder
peak near 710.2 eV. reflecting the Fe in the FeS". w

aiso identiffed in the Fes,yn region (not shown). Smce
the negative ion mass spectra (not shown) of the
oxidized PPS surfaces indicate the presence of intense
suiphure trioxide (S04} signals. such sutphur-related
iron compounds can be formed by the interfaciai gas-
solid reaction hetween the Fe.(O: und the suiphur
dioxide (SO-) und SO, gases emitted trom PPS at a
high temperature, An additional prominent line was
seen at 168.5 eV, corresponding to a shift of abou:

6.7 eV to the higher BE site than that of FeS from the
Na-ireated ¢RS interface, A shilt of 6.7 ¢V is reasonable
to distinguish the presence of terrous sulphute

Tabla 2. Chemical composition of both interfacial failure sides for Ny- and O,-treated PPS./CRS joint systams

Heating environment Falled side

)
N, PPS 74
N, CRS 4.3
0, PFS 3.5
02 CHS -

Atomic concentration (%)

C 0 Mn Fe

42.5 41.5 S 8.6
40.8 439 0.3 10.7
421 44.0 - 10.4
31.3 55,5 0.7 12.6
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Fig. 3 Sy, spectra at faled interfaces of PPS/CRS joint system prepared at 350°C in: (a) Ny gas and (b] O3 gas

(FeS0 )" from FeS. FeSO, will be formed theough the
following reaction'™:

FC‘_)O:l + SO\ + SO‘\ —_— EFGSO.‘

Bv compadson with that ol the PPS side. a distinctive
Sa,, spectrai feature could be seen on the Ox-treated PPS
interface. We conclude that there is no evidence lor the
presence of FeS at 161.8 ¢V, while the remarkable peak
at 168.5eV, helonging to FeSQO4. emerges in the high
BE siles. Since the introduction of an abundance of
oxygen promotes the conversion of SO, o $O,". it is
reasonable to rationalize that an enrichment of O,
catalyst-induced SQy gas causes the formation of more
FeSO, than FeS. As a result, the formation of FeSQ, as
the imterfacial reaction product appears to he
responsible lor the development of strong intertaciul
bonds.

Table 3 shows the clemental compositions ut the

cross-section areas of the PPS/SS joint system. In Na.
the pPPS interface removed from the $$ was
characterized by the ahsence of Fe and the presence of
a small amount of Q. Compared with the 55 reference
surlace (Table 1), the interfacial 5SS surtace had 44% S,
a higher C concentration. and a lower O and Fe
content. The detection of a certain amount o' S and a
higher concentration of C reflects good adhesion of
PPS to the FesO4 at the outermost surface of 5.
Concerning the ahsence of Fe at the PPS side, the
cohesive failure mode, which occurs through the PPS
laver adjacent to the Fe;Os, can be proposed for this
joint system. Of particular interest ts the chemical
composition at the interfaces of the O.-induced PPS/SS
Joint. The following two chemical characteristics can
be deseribed on the tnterfacial 8§ surtace:

1) the presence of S atoms in amounts similar to that
observed on the PPS side; and

Tabie 3. Elemental composition of intarfacial PPS and S$ surfaces at PPS/SS joint in N; and O,
Heating environment Falled side Atomic concentration (%)

5 c Q Fe
Ny PPS 12.7 83.9 3.4 -
N S5 4.4 82.3 12.7 0.5
04 PPS 13.3 - Bi.Q 5.6 0.1
(o S5 14.3 24.4 56.5 4.8
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Fig. 4 Sz, region at interfacial failure locus of PPS/S5 joint system prepared at 350°C in: (a) Ny gas and (b) O; gas

2} the introduction of a large amount ol O intw the 55
side.

This finding suggests that a substantial amount ol
interaction products containing S, O and Fe atoms
remains at the SS side. whereas there are few residual
reaction products adhering to the PPS. Thus, the locus
ol interlacial failure appears to occur through the
reaction product laver near the PPS. Fig. 4 shows the
Ssp region lor both interfucial sides alter treatment in
N> and O;. The Sap, spectrum lor the PPS interiuce in
the Na-treated joint svstem leatures o simple peak
contining only u single line at 1638 eV originating
from S in the PPS. There was no indication ot peuks at
[61.8 and 168.5 eV, which reflect the formaton of Fel
and FeSQy,, respectivelv. In contrast. the cmergence of
a pronounced line at 1618 and [69.0 ¢V, while
maintaining the major line at 1638 ¢V, was ohserved
from the 38 interfuce. thereby accounting l'or u certain
amount ol reaction products remaiming on the
interiucial 85 surtuce. Reparding the reaction prodicts,
the new peak a1 169.0 eV, corresponding 1o = 0.5 ¢V
higher posinon than that of FeSOy, may he associuted

with the [ormation ol ferric sulphate |Fe~(SO,4)1|"".
which could be generated by the reaction of Fe.Oy with
three moles of SO; on heating'. We also inspected the
Feyoy region to distinguish between Fe([1} and Fe(I1)
sulphates. However, it was very difficult to distinguish
the photoelectron line of these sulphates, becuuse ol
the superposition of the strong Fes(; signal, Striking
changes in spectral leatures occur as (- 15 introduced
into the critical interlaciul zones. The particular leature
of the 53, signal at the 55 side was an intense single
peak at 1690 eV, suggesting that only Feo(SO, )y as the
interaction product was left on the 8 side. A weak line
at 1690 eV was alse deteeted lrom the PeS interlace
away fram the 85,

Considering that the PPS/SS jomt svstem prepaved in
- displuvs the highest bond strenath in this series ot
tests, it can be concluded thut the extent of pey
acdhesive honding o matal substrates depends proman iy
on the species, and on the amonnt of S-related Fe
compowmuls formed as interaction produacts at the
critical interfacial contact zones between Pes and the

Ssithstrate, The etfective reuctian praducts, which pluv g

major role m the increase i bond strengtl, have the
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Table 4. Atomic concentration of N, and O,-treated PPS/G-S interfaces

Healing environment Failed side Atomic concentration {6}

P S c O Cr Zn
N, PPS 8.3 8.3 51.0 249 1.1 5.4
N, G-S 10.6 7.6 48.0 280 1.9 6.2
O, PPS 13.6 3.2 36.0 37.0 2.3 7.8
0, G-S 16.0 3.8 36.7 338 2.3 8.5

followaing order: Fe,(304)y > FeS0, > FeS. Thus. the
O--catalysed reaction products at the interfaces are
responsible for the improvements in bond strength of
PPS/metal joints.

Table 4 gives the elemental compositions lor both
interfacial failure sides in the PPS/G-S joint system. For
the sample made in N», the interfaciul PPS surface had
a composition closely resembling that of the G-S
intertace. The detection of a cerain amount of Cr and
Zn on the PPS interface demonstrated that these
clements migrate from the substrate 1o the voating
sides dunng lailure ol the bond. The umount of Zn
detected on the G-5 side is considerably greater. and
the amount of Cr substantially less than that observed
on the reference G-5 surface (see Table [). This finding
suggested that the S in PPS preferentially reacts with
the Zn in the substrates, rather than with Cr. Hence,
failure is certain 10 occur through the reaction product
lavers formed at the interfaces between PPS and G-5. A
similar locus of failure was observed from the O-
treated adhesion sample: the chemical compositions of
both failure surfaces are close. The onlv difference was
that more P, O. Cr and Zn remained in the cross-
section. while the amounts ol 5 and C were reduced. In

particular. the increased amounts of residual Zn and O
atoms reflect the formation ot oxveen-rich zine
compounds at the interfaces.

To identify the interaction products. we inspected
the S, region tor both the interfacial PPS and G-§
surfaces (Fig. 5). The resultant 5., signal lor the N-
treated cross-sections had at least two resolvable peaks
at 163.8 and 1619V The lformer. as the major
component, reveals the PPS. and the latter is likelv to
he assigned to the formation of S-related zinc
compounds as inierfacial reaction products. As
reported by several investigators™ ** % the line
emerging in a low BE site, ranging from 160.5 10
162.0 eV, commonly relates 10 metal sulphide
compounds. Hence. zinc sulphide (ZnS), rellected hy
the peak at 161.9 ¢V, was formed hy the reaction ol
ZnO with SO» und 50, gases ut the PPS/G-S interfacial
regions. Since no Fe from the undertying sieet is found
on cither interfacial sides. we helieve that the udhesion
of the Zn$ phase (ormed as o reaction product to the
2ine fuver 15 much poorer thun the adhesion ot zine 10
the sieel substrate, Compared with the N> sample, o
guite dilferent S+, signal can he seen on hoth O»-
induced interfacial sides, The distinet spectral leatures
were the growth ot o prominent line at the high BE
pusition ol 169.5 ¢V, with a considerable attenuation of
peak intensity at 1619 eV at the interfaces. Tt is well
known'® that when Zn$ is fully exposed to air it an
clevated wemperature, axiddation feads 1o the conversion
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of ZnS into zinc sulphate (ZnSOy). Assuming that such
oxvgen catalysed ZnS — Zn30, conversion occurs at
the interfaces, the strong line emerging at 169.5eV is
due 1o the formation of ZnSQy,. This conversion is
correlated directly with the striking decav of the Zn$
line a1 1619 eV.

The interfacial ZnS — ZnS0, phase transition
appears 1o create detrimentai boundary lavers which
play an active role in the catastrophic loss of bond
strength in joint samples exposed to uxvgen.

Conclusions

The findings from an XPS study of the interfacial
failure sides in polypheneylene sulphide (PPS)-1o-metal
joint systems prepared in N~ and O, gases at 350°C
lead to the lollowing generalized conciusions.

When PPS slurrv coatings, consisting of PPS powder
and isopropyl alcohol. were deposited on the surfaces
of cold-rolied steel (CRS) and stainless sieel (SS). the
PPS/substrate hond strengths developing in the fusing-
cross-linking process ol PPS at elevated temperatures
depend primarily on the reaction products lormed by
the solid-gas interaction between the SO» and 50,
emitted from PPS. und the Fe-Oy laver at the outermost
surfaces. A high rate ol SO> — SO, conversion. which
occurs when there is free uccess 10 vxyvgen, resuited (n
the formation of ferric suiphate |Fes(SOyn| as &
reaction product, which was responsible lor the
development ol hond strength. The efficacy of sulphur-
related iron compounds in improving adhesion force
was rated in the following order:

Fes(504); > FeS0, > FeS. Since such interaction-
induced Fe-5 compounds are generally known as
corrosion products of steels'’™ studies are being made
on the influence ol these compounds on the cathodic
reaction.

In pPS/gulvanized steed (G-5) joint svstems. the
intertacial interuction herween the PPS and the Zn(}
cxisting at the top surtace lavers of G-S. in the N..
induces ZnS as a reaction product. Bv contrast. i
vonsiderable reduction in hond strength was ohserved
i the PPS/G-$ joint svstern prepired in O~ The reason
tor the catastrophie loss in strength wits due o the
formurtion of weak boundary lavers ol Zn50,0 which
was derived Ttom the oxvien-catalvsed conversion ot

Zns.
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The characteristics of meft-crystallized polyphenvyietheretherketone (PEEK]) as an
adhesive far steel-to-steel joints have been investigated. imterfacial chemistry, which
plays an important rafe in determining whether adhesion will be poor or good at PEEK/
steef interfaces, involved the follawing reactions. Oxygen-catalysed deformation of PEEK
in air fed to a low rate of crystalfinity, which gave poor adhesian to the steel surfaces.
The enrchment of Fe.(O 5 by extensive oxidation of the interfaces also created an
undesirable boundary region, thereby indicating that failure occurs cohesively through
this weak Fe;Q; fayer. X-ray pharoelectron spectroscopy (XPS) data suggest that there

is ng chemical interaction of well-crystaliized PEEK with Fe,Qj3 at the top surface of
steels. In contrast. in nitragen, interfacial Fe- and Cr-0-C complexes, formed by a
‘charge transfer between elemental Fe or Crin steel and oxygen in the ketone groups
{C=0) of crystaflized PEEK, cantributed significantly to strengthening the PEEK-to-steef

bands.

Key words: adhesion; adhesive-bonded joints: polyphenyletheretherketone; steels:

crystallization; interface

Crystalline polyary! thermoplastics, such as
pelyphenylenesuiphide (eps). polyphenyletherether-
ketone (PEEK) and polyphenyletherketone (PEX), have
common chemical features consisting of aromatic
backbone chains coupled with oxveen. ketone and/or
sulphur. When these linear polymers are left in an
oven at a temperature ubove their melting point of
>280°C. chain exiension ol the main phenyl groups
caused by meling leads 10 molecular orientation,
which is reflected in the crvstallization of the polymers
during cooling from the melling temperature 10 a lower
lemperature. Such erystatlizaion behaviour of the
polyaryls mives them specific, desiruble characteristics
as adhesives such as high temperaiure siahility, high
rudiation, chemical and hvdrothermal resistance, ind
rood mechanical and dielectric properties, Thus,
palyaryls have become of increasing interest lor
applicutions in coitings, us adhesives and in
composies.

In o previous study, the wuthors investigated the
interfaces ol PPs-to-metil joints prepured in oxyvgen

(01) or nitrogen (N,) environments at 350°C". The
results suggested that the strength of the bonds
depends primarily on the species of sulphur-relaled
iron compounds formed as reaction products at the
interfaces. The lormation of oxygen-catalvsed reaction
compounds by the introduction of oxygen into the
interfacial regions gave better adhesion than the bond
structure assembled in N» gas,

As part of our ongoing research to understand the
chemical nature and role of the interfuces contnbuting
10 good adbesion of poivirvls 1o metal subsirates, we
next focused upon the PEEK compound, studving 11s
adhesion o melal 10 an air or N» environment at hsgh
temperature, There were two major objectives, one wils
o understand the thermal charctersiios, crvstalline
hehaviours und changes in chemical conformation lor
the bulk PEEK polvmer: the other was to exumine the
degree of crystailinity of PFER adjacent 1o metais. and
to model the intertacial bond structure and the lailure
mechanisms of the honds in PEEK-10-metai joint
systems. All our results were correlated directly with
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the lap-shear bond strength of metal-1o-meial
specimens with PEEK adhesive bonds.

Experimental details
Materiails

The metallic substrates used were commercial AISI
1010 cold-rolled steel (Crs) and AISI 304 stainless steel
(s3). Before depositing the pEEK film, the surfaces of
these sizzls were wiped with acetone-soaked tissues 10
remove any gross contamination. PEEK powder (an
average molecule weight of 40 000) used for making a
sturry was supplied by Impenal Chemical Industries
(IC1). The PEEK slurry consisted of 45 weight % (wt%)
PEEK and 55 wt% isopropyl alcohol.

Measasurements

Information on the thermal and crystallization
properties of bulk PEEK polymer in air or in a 99.9% N,
environment was gained using the combined
techniques of thermogravimetric analvsis (TGA),
differential thermal analysis (DTA), ditferential
scanning calorimetry (Ds¢), X-ray diffraction (xrRD) and
X-ray photoelectron spectroscopy (xps). These
properties included the thermal decomposition
tempetature and its mechanisms, the melting point, the
exothermic crystallization temperature, and the degree
of crystallinity. We investigated the chemical
composition and states present in the substrate surface
and on the bond-failure side at interfaces of the PEEK/
substrate joint systems prepared in air or N at high
temperatures by examining the peak areas and from
determinations of binding energies (8e) deduced from
xps, The atomic concentrations for the respective
chemical elements were estimated by comparing the
xPs peak areas, which can be obtained from the

" differential cross-secttons for core-level excitation. To
sel a scale in all the high-resolution xps spectra, the
binding enevgy was calibrated with the Ci; of the
principal hydrocarbon-type carbon peak lixed at

2850 €V as an internal reference. A curve-
deconvolution technique using a DuPont curve
resolver revealed the respective chemical components
from the high-resolution spectra of each element, To
support our xps daia, the PEEX interfaces removed from
the substrates were explored with scanning eleciron
microscopy (SEM) and XRrD.

The lap-shear tensile strength of metal-to-metal
joints was determined in accordance with the modified
ASTM Method D-1002. Before overlapping the metal
stops (50 mm long and 15 mm wide), a 10 X |5 mm
lap-area was coated with pEek adhesive, The
overlapped metal specimens were placed in an oven at
400°C for 2 h, and then cooled 10 room temperature at
the rate of —10°C min~'. The thickness of the
overlapped rCek 1im ranped from 25 10 75 ym. The
bond strength ol the lap-shear specimens is the
maximum load at tailure Jdivided by the totat bonding
area of 150 mm”.

Results and discussion

Properties of bulk PEEK

A thermaul analysis, combining raga and ora, revealed
the decomposition characteristics during pyrolysis of
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Fig. 1 TGA and DTA curves for the thermal decomposition of bulic PEEK
heated 1n air or N, at 3 rate of 10°C min’ '

‘as-received PEEK powder samples in air or in N, gas
(Fig. t). The TGA curve for the N1 sample (dotted line)
indicated that thermal decomposition (T) starts near
610°C. lollowed by a weight loss of ~40% between 610
and 700°C. This reduction reflects directly on the nDta
endothermic peak at 660°C. Beyond 700°C. weight foss
occurs gradually. Distinctive differences are seen
between the N+ sample and the sample pyvrolysed in
air. namely, the TGa curve has two decomposition
stages, the lirst begins around 570°C and the second
occurs hetween ~610 and ~750°C. These
decompositions. reflecting the DTa peaks at 620 and
710°C. represent two different PEEK structures that
appear during pyrolysis in air. In addition to these
findings. a farge weight loss of >90% occurs at ~730°C,
This toss is more than double that of the N» sample
pyrolysed at the xame temperature, supgesting that the
attick by air ut a high temperuture signiticantly
promotes the oxygen-cutalysed decompasition of prek.

Fig. 2 gives the cyelic ps¢ curves at diflerem
heating-cooting rates of £2, % and 10°C min™' in N» at
a temperature range from 73 10 H0°C. Cooling trom
H0°C 10 low temperatures was accomplished using a
DuPont Mechanical Cooling Accessory equipped with
4 NS¢, AL the lowest rate ol +2°C min~ ', the tvpical
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Fig. 2 Cychic DSC curves of PEEK at heating-cooling rates of =2, 5 and
1Q°C min~" in 1he termperature range 75 to 400°C

thermodynamic psC scan, heated to 400°C, had wo
endothermic peaks at 145 and 340°C. revealing the
glass [ransmon posnt, T, and the melding point, T,
respectivelv-. On vooling the melted samples, an
exothermic¢ peak. which represents the heat evoived by
the crystallization of peex. was recorded at 308°C. This
exothermic crystallization point, T, was in good
agreement with that reported by Blundell and Osborn®.
When the rate of heating-cooling was increased, the
thermal transition curves showed that the T, and ',
temperatures slightly increase. whllc T, shlfts from
308°C at the rate of =2°C min™ " to 298"C at

—10°C min~. From the above TGA and DSC results, the
T e and Ty of PEEK in an N5 environment occur
around 340, 300 and 610°C, respectively,

On the basis of this information, a ¢yclic DSC
experiment was planned 10 find the repeated melting-
crystallization characteristics of the same samples at
temperatures ranging from 400 0 23°C in air or Na».
Accordingly, samples were prepared in the following
way: DSC aluminium open pans were Tilled wath
samples of approximately 5 mg, and then placed in an
oven at 400°C in air or N- for 2 h. The melied samples
were subsequently coofed to room lemperature aj the
rate of ~—10°C min~'
were sealed with aluminium covers. The sealed
samples were heated again to 400°C at the rate of
+10°C min~' and immediately cooled to 150°C at the
rate of —10°C min~". The resulting DSC curves are
shown in Fig 3. The ligure shows a curve with a
feature similar to that recorded on the rEEK sample
(Fig. 2) prepared in N> (unbroken line). In contrast, the
curve ol the air-induced sample (dotted line) disclosed
wo endothermic peaks ut temperatures of ~310 and
~330°C, and 1 broad-weak exothermic peak neur
260°C. The endothermic peak at ~330°C is reusonably
thought to be due 1o the T, of prek. Similurly, the new
peak at 310°C seems 10 rellect the melting point ol a
new compound formed by the nxidation of PEEK in hot
air. The formation of <uch a new compound might be
inferred by the uppearinee ol the weak ¢xothermic
peak. reffecting a lower degree ol erystallinity
compired with that ol the N» samples,

To visuilize the mutuality between poor
crvstallization behaviours and chunges in molecitlar
cantormation of the oxidized veik polymers, xR and
xrs analyses were mude ot the 400°C air or Nao [Tlm

. Then. the reex-filled open pans
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Fig. 3 Cyclic BSC curves for PEEX samples prepared n Ny or aie 3t
400°C
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Fig. 4  XAO patterns of PEEK prepared in Ny or air

samples. Fig. 4 shows the resulting Xro tracings.
ringing rom 0.8%4 to 0.279 nm, The xrRp pattern ol the
Ny sample indicies the presence of four o-spicings.
(0,467, 0.42, 0,379 and 0.507 am, corresponding to the
CHTON CLO2Y or (111 (2000 and (211 planes. respectivelv®,
Dramatie ¢hunges i the teatures of the diffruction
puttern were seen in the air sampies, in which the weak
lines at ([ and (200 reflections were still present but
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the (211) plane of pPEex had almost disappeared. Thus,
we can assume that the oxidation of PEEK inhibits the
progression ol crvstallization, whereas heating in N
results in the development of well-crystallized eeex. To
understand the reason for the poor ¢rvstallization of
the sumple treated in air, we inspected the surtaces of
PrER flms with xps alter exposing them lor up 1o 24 1
in air or Ny gus g 400°C. The extent of surlace
oxwdation as 4 function of exposure time was estimated
by comparing the ratio of carbon and oxygen on the
surface, The data were obtained from the xps €y, and
O, peak areas, which were converted into elemental
concentrations by means of the differential cross-
section lor core-level excitation. As shown in Fig, 3, the
C/O ratio of the 400°C air-treated fTlm surfaces rapidly
decreases with increasing exposure time. suggesting
that oxidation leads to the incorporation of addirional
axvgen into PEEK surfaces. However. no signifteant
changes in C/O ratio were lound on the 400°C Na-
treated surfaces. To substantiate this inlormation, we
examined the high-resolution spectra of the Cy, and Oy
core levels for surfuces after exposure for |, 3or 24 h to
N~ orair a1 00°C. Fig 6 shows the Cy, and Oy regions
of Na-treated surfaces, Speciral deconvolution in the
C\, region for a | h-exposed surtace showed the
presence ot four resolvabie peaks at 8E positions of
285.0. 2865, 287.6 and 191.6 ¢V. According to the
literature™". the principal componeni at 285.0 ¢V
reflects curbon in 1he aryl groups. The assignments of
the peaks at 286,5 and 2876 ¢V as minor components
are due to C in ether {C-0-C) and in ketone (C=0).
respectively; the component at 291.6 eV is attributable
to the m -~ m* shake-up satellite peak of conjugated
C=C bonds in the phenyl rings. When the exposure
time was exiended to 24 h. spectral leutures similar 10
those of the | h-exposed sample were depicted on the
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Fig. 5 Changes in the C/0 rang ot PEEK film surtade as a lunclion of
exposure Umes up le 24 honair or Ny 90 4G07C
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film surfaces, implving that hot N- gas does nat cause
any conspicuous change in the molecular conformation
of PEEK. The Oy, specira of both the | h- and 24 h-
exposed films had rwo peaks at 533.6 and 3322 ¢V, The
former. as the major O-related compenent, belongs to
the ether oxygens in the pEEK. and the latter belongs 10
ketone oxveens’. Although the Cy; and Oy, regrons iov
the 3 h-exposed tilms are nor presented in the Uaure.
the speciral features of these core levels were similar 1o
those for the 1 h- and 24 h-exposed nilms. The Cp, and
Oy, regions of a4 hot air-treated Iiim are given in Fig. 7.
In the C\; region of films exposed for 1 h, the spectrai
structure closely resembled that of the Na-treated film,
After a 3 h exposure, the spectrum was characterized
by a significant attenuation of the 7 — #* shake-up
peak at 291.5 eV, while maintaining almost the same
peak position of the aryl carhons. C-0 and C=0 ar
285.0. 286.5 and 287.6 eV. By comparison with these
spectra, there were striking changes in the fegtures of
extensively oxidized film surfaces ufter 24 h treatments:
(1) the disappearance of the 7 — 7% component: (21 the
emergence of 4 new peak ar 289.3 eV und (31 the
overall decav of the €|, signal. A possible reason tor
the [irst resull, the disappearance of 7 — 7% iy the
break-up ol 7 bonds in the pheny) rings due 10 oxveen
Aoms impinging on the PEER surfaces. The peak ar
289.3 eV (the second change) is assignabie to carbon
originating from carboxyl groups (-O-C=0)". The
third result reflects the decay of ether. ketone and arvi
groups. Inspection of the Oy spectra provided further
insights on the oxygen-catalysed decompositon of
PeEK, The Oy spectrum (Fig. 7) for the | h-aged films
contains ™wo distinct lines. due 1o ether oxygen atoms
at 533.6 eV as the major component and carbonyl
oxyzen atoms at 5322 ¢V as the minor one. Alter
exposure for 3 h. there is a reduction of line intensity at
332.2 eV, Extended oxidation times to 24 h led o the
emergence of new peak ut 3327 eV corresponding ©
the carboxvl oxygen atoms. whiie the line intensity or
C =0 continuously diminished. Thus, the high dezree
ol oxidation of PEEK not only promotes the breakage of
bonds within the aryl groups and the rupture of ketone.
which directly links rwo phenyvl rings. hut also resulis
in the lormation of carhoxyl groups from the
incorporation of additional oxvgens into 1the damazed
PEEK structure, However. the mechanism of oxveen-
induced decomposition of PeEK remains obscure.
Overall, these data clearly demonstrate that the
decomposition of aryl and ketone groups hroucht
about by the increasing oxidation of #EEK significantly
inhibits the rate of ¢rvstallinicy,

Interfaces of PEEK-to-matal joints

In preparing the metal-to-Ptry jorns. the cold-rolfe
steel (CRsY and stuiniess steet (83) surtiices were wiped
with acetone-soaked HSSHCs 10 temoeve Iy caniimn-
ation rran il ofl, The eerk Glm was deposited on i
surtiuces ot the crs il Ssosubstries i the tofowing
wity, First, the substraws were dipped o eres
slurey, consisting af 5" wi pees and 35w
wapropylidcohol at 25°C, Then the sluriv-coated
stbstrnles were hieted nouir or No a1 400°C for 3 koo
meit the pEcK powder. and. ot the swme time,
volatilize the isopropylalcobol. To induee envsatlbizanon.
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the melted PEEK was cooled to room temperature at the
rate of ~=10°C min "',

Fip, 8 shows the lap-shear bond strengths of the
metal-to-metal PEEK adhesive joints, The data verified
that the bond strengths depend primanly on the
ambient atmosphere during the melting-crystallization
process. and on the species of substrate. The strengths
ol specimens prepared under N1 are much higher than
those for specimens made in uir. Also, the development
of intertacial hond strength in the ss/PEEK joint system
is better than that ol the CRS/PEEK systemn,

To clarify the causes ol good and poaor interfacial
honds, xps was used to explore faiture surtuces. The
sy chemicul composition of acetone-cleaned Crs and
sy substrtie surfaces. and the preK surtices made 1 Na
and air at 400°C, are given as relerence Jata in
Tauhie 1. Tuble 2 shows the ¢lemental compositions ror
the cross=seciion sumples of the PECKSCRS joint svstem
alter cxposure 1o Noand w0 air. In N-. the interfoce
chemical constituents ol the reek and Crs sides were
similar o those of the bulk prek and hase CRS surtaces
(Table 1), suggesting that Enlure occurs at the interface
berween PEEK and CRS There was a sinking difference

between these findings and those from the air-treated
samples: namely. a large amount of oxvgen. a low
amount of carbon and 3.7% Fe, belonging to the crs.
was detected on the PEEK side removed from the cRrs
substrate. Therefore, failure can be figured as a
cohesive mode which occurs through Fe-refated oxide
compound layers at the top surface of crs, close
peek. This failure mode suggested that the introduction
of air into the interfaciul zones promotes the extent of
interaction herween pEER and Fe oxides, We believe
that such reaction products are much stronger than
those ol Fe oxide layers.

To <upport this information, we inspected the high-
resofution €, und Oy, eore-level spectra of both the
rerk and Crs ntertucial sides lor N or sir-treated
samples (Fims 9 and (0} T Ni, the spectral featare of
the C, regron tor the PEFR intertice (sce Fir 93 clasely
resembled those of the bulk reer surlaces (Fiz )
prepired mthe sime environment. The €, region of
the interfacial ¢rs side has atleast lont resolviahle
Gaussian components it 2850, 286,53, 287.6 and
2892 V. which reflect the C in hvdrocarbons. ether or
aleohol. aldehvde or ketone, and carboxylic acid or
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ester, respectively’. No 7 — m* shake-up satellite near
291.5 eV was found on the lailed ¢gs sides. Thus. these
carboa species detected from the (RS sides ure more
likely 10 be associated with the contaminating carbons
in CRrs itself, rather than betng peck-related carbons. As
expected, the Oy spectrum {or the PEEK [nterface
leatures a typical PEEK Oy structure containing 2 major
line at 533.6 ¢V originating from O in ether and a
minor line at 5322 eV from O in ketone. By
comparison with the PEEK side. a distinctive Oy signal
structure was seen on the ¢rs intecface: numely, a
principal compaonent at 530.5 ¢V, and minor ones at
532.2 and 333.6 eV, The 330.5 eV line can be ascrihed to
oxygen in the ferric oxide {Fe.Oq)" In fuct. the
formation of Fey04 ulso was confinned from the main
core line at 7109 eV in the Fey,y; region {not shown).
The other tines ot 332.2 und 3336 eV seem to
correspond to oxvgen in ketone or wldehvde, and ether
or ester , as the contaminants of crs, Fig 10 gives the
Cy andd Oy regions tor both interticial sidey atter
ireatiment in air. As shown. C), and )y, spectral
features similur 10 those ol the Crs interlace were
observed Irom the intertaciul prek side. This tinding
implicd that the Fe 0y compounds and contaminiting
species are (ransferred fram the CRY 1o the PrEK side as
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G, and O, requons for PEEK film surtaces after exposure for 1. 3 and 24 hin air a1 400°C

the intertaciul bond progressively fails. One importiut
tuctor atfecting a hetter bonding performance is the
degree of crvstallinity ol the PEER film adjacent 10 the
crs. Fig. 11 illustrates the xgD tracings lor the cross-
section PEEK sampies of PEEK/CRS joial systems
prepared in Na or air. The diffraction patieras (or (a)
the Na and (b) the air samples showed features similar
to those obtained from hulk PEEK (Fig 4) namelv. o
well-erystallized peek laver in the vicinity of the ¢rs
substrate is tormed when the foint is prepured in Na.
{n contrast, the introduction of oxvgen inlo the criticui
contact zones of the interface for the wir-treated
systems resulled in a low degree of crystailinity of PHEK
adljucent to the substrates, Such an effect appears to be
due to axveen-catulvsed detormation o the PEEK
strueture. signifving thar the major phase of mterfacal
PR lavers {5 the amocphous-tvpe polvmer. Although
PEEK wils dimaged by the uitack of oxyveen. the xes
data suggested that oxidized veek tavourahly Links w
Fei 0O on the top surtiee of ors. The bond strenzih of
are-treated specimens is much wesker thau that ot
Na-treated specimens, possibly because oxidanon at the
PEFER/URS Joints results (0 an extensive production of
mechanicilly weuk FeOs luvers, rather than the loss
heing caused by the poor erystadlizidion ol prek. Lo
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fuct. xes inspection of 1he failing sides showed 1hat
they expressed the cohesive mode in which bond
failure occurs 1through the Fe O+ lavers,

Table 3 presents the elemental compositions for
both interfuciul failure sides in the pEERSSS joint
systenl. For the sampie made in No, the paex interface
had u composiion closely resembling that of 1he
relerence PREK [see Table 1) The amount ol C detected
on the <5 side wis considerably greater, und the
mnounl of O and Fe subsumtiully less than that
observed on The relerence 88 sirlitee. while there was
na signal lor Cr, thereby decounting lor o cenain
amonnt ol reacnon prodocts remuining on the inter-
lacial 55 surlaces This linding suggested 1hil prex
Favourably reacts with the ss surfices. Henee, Tailure is
cenam 1o oceur through the pre K adbesive fuyers, On
the other hand, g different locus ol failure was
ohserved from the airtreated adhesion sample; the

Table 1. XPS elemental analysis of bulk
polyphenyietheretherketone (PEEK) and substrates as
reference surfaces

Coatings and Alomic goncentration (%)

substrates

C o Mn Fe Cr

PEEK made in Ng 87.5 125 —
PEEK made in air 86.9 13.1 - - —
CRS 25.3 59.9 1.7 126 -
$S 58.3 344 - 5.5 1.8

CRS = 1010 cola-rolled steel; $5 — 304 gsraintess ateel

Table 2. Chemical composition of both interfaciai
failure sides for Ny~ and air-treated PEEK/CRS joint
systems

Heating Failed side  Atomuc concentration (%)

environment -
C c Mn Fe

Ng PEEK 879 121 — —

Nq CRS 30,7 B81 1585 9.7

Air PEEK 478 4885 — 37

Air CRS 343 596 08 5.3

chemical compositions of the interfacial PEEX and ss
sides are similar 10 those of the reference sample
surfaces except that more O was incorporaled inw 1the
ss side. implying that the interfacial ss was oxidized
durning cxposure to hot air. Thus, an adhesive failure
mode. which occurs at the PEEK/SS interfaces. can be
proposed for this joint system.

The identification of the reaction producis and bond
structure at the intertaces of Na-induced PEER/SS joints
is ol particular interest. Again. to obtain this
information, we investigated the xps Cy; and Oy core-
level spectra for both the imerfacial pEEK and ss
surtaces (Fig. [2). The Cy; region of the inlerfacial ss
side exhibits the 7 — 7 satellile peak at 2915 ¢V,
corresponding 1o a residual amoun! of PEEK adhering
to the ss surfa¢es, while an additional new peak
appears a1 BE position of 287.1 ¢V, This new peak.
situated between the C=0 at 286.5¢V and the C=0 at
287.6 eV. mav reveal the [ormation of metal-0O-C
compiexesl"“. In fact, the O, core-level spectrum ol
the interfacial s3 side shows a conspicuous peak at
3316 eV, which we aseribe 10 metal-0O hond
formation'*. and the attenuation of the C=0 peuk in
the PEEK ut 532.2 ¢V. while an cther pxvien in the PEEK
at 533.60 eV and Fe O oxvgen af 33035 eV ouire present.
Unlonunately, inlormation on ¢hemyical honding wis
difficult 1o obtain trom the Fe and Cr core levels,
heciuse these signals were wo noisv 1o analvse by
deconvolution. Although turther detailed xpy studies
will be reguired to ascertain the Cy, danie it s possibie
to assume that the metl-O bond species belongs 1o
the Fe or Cr=0-C model compounds which are
generated through a mechanism ipvolving a charge
transter reaction ut the interfuces between the C=0 in
peK and the elemental Fe or Crin s5. Thus, reactive
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Fig. 10 C,. and O, regwans al the inlerfaceal faillure locus of the
PEE¥/CRS jount system prepared n ar at 400-C

537 535 533 531 525 927 Fe and Cr may break the C=0 double boud in the
Binding energy (eV) pri:x molecules by lorming Fe or Cr-O-C complexes
Fig. 8  C, and O, specira al taded mierfaces of the PEEK/CRS runt where the charge density 1s transferred from the Fe and

system prepared n N, 31 400°C Cr to ¢lectron-accepting oxveens in functional C=0
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Fig. 11 XRO patterns for interfacial PEEK sides i (3) N+ and (b) air-

Ireated PEEK/CRS jomnts. and in () N, and |d) air-treated PEEK/SS joints

groups. Considering that most ol the high lup-sheur
hond strength is conlerred by the prrk-to-s5 joint
svstem, such an interlaciul Fe or Cr=-0=-C vovalem
hond appears to play an active role in tmproving the
strength of this bond, Compared wub the N> sample.,
the atr-tnduced ss interfuce (Fig 17) shows quite
dilfercnt €, and Oy, signals. Thus, there are no peaks
present carresponding to the formation of metal-O0-C
bonds: otherwise, the spectrul signals are similar
those ol the Crs interlace removed Itom prek in arr

Table 3. Atomic concantretion of N»- and air-
troated PEEK/SS intarfacas

Heating Failed side Atomic congentration (%)

enviranment

Cc 0 Fe Cr

N, PEEK 828 172 — —
N> 5 76.3 231 0.6 —
Air PEEK 845 15§ — —
Air s 411 539 37 1.3

{(see Fig. 10). Therefore, failure is not a cohesive one
through the PEEK laver, but may have proceeded
through the interface between pEEK and SS.

To lurther suppornt our findings on the failure mode.
we inspected by sem the microstructure ol the
interfacial sides of peEek film removed from ss in the
joint svsiem made in air or in N» (Fig. 14). The sem
micrograph of the failure surface on the peek side
obtained from atr-induced ioints (Fig. 14Ha})) shows
numerous gutters and grooves. probably caused by
being traced out by the profile ol ss surfage structures
(not shown), reflecting the characieristics of the
adhbesive failure mode, By comparison with this image.
a strikingly different one was observed from the PEEK
interface in the Ny-made joints {see Fig id(b)).
Namely, the failed reek side showed very rough
surfaces resulting from extensive plastic deformation,
which is characteristic of the cohesive {ailure in ductile
PEEK polymers. This failure mode probably explains
why these specimens exhibited such high lap-shear
bond strengths, Returning to the xrp tracings in
Fig. 11, the dilfraction panerns of the inerfacial PEEK
stdes for the PEEK/SS joints prepared in N or atr
clearly verified that. although the species ol merals is
different. the oxygen-catalvsed decomposition of PEEX
caused by introducing air into the intertacial contact
zones leads to poor crystailinity ol PEEK in the vicinity
ol the 538 substrate (see Fig. 11(d)). In contrast. well-
lormed PEEK crystals are obtained in N--induced joints
{Fig. I 1{c}).

Conclusions

In N gas, the melted polyphenyletheretherketone
(PEEK) polvmer can be exothermically crystallized on
cooling to ~300°C. The thermal decomposition of well-
crystallized peek begins at temperatures near 510°C, [n
contrast. PEEK melted in air had a low rate of
crystalliniry, reflected in o weight loss mare than twice
that of the N> sumple ut ~730°C and the anset ol
thermal decomposition at lower temperature, Such
poor crvstallization behaviour mainly resulted Itom the
decomposition ol the prix siruciure caused by oxvgen-
catalvsed breakage of 7 bonds i the arvl groups and
rupture wl the ketone zroups.

When prex was applied as an adhesive material in
the metal-to-metal joint svstems. yencrally, the
lollowing tour items were the major chemicul lagctors
woverning the bond structure and Tailure of vers/metl
Joints prepared under air or N at J00°C,

1} The honding Giilure ot Na-induced prer/eoid-rolled
steel (CRS) Joint wis proposed as an adhesive mode.
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in which delaminagon of the pPEEK (iTm oecurs at
the prrk/ors mterlace. No clear evideace was found
tor the chemical mreraction al Prek with an Fes()
laver at the 1op surtace ol RS by X-ray
photaeleciron spectroscopy (Xps),

The lowest bond sirength in this 1est senes was from
the atr-induced pEER/ACRS Joint specimens. The lack
ol streagth was more likely o be crused by exiensive
formation ol mechanically weak Fe O luyers at the
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Fig. 14 SEM micrographs of PEEK imerfaces removed from the PEEK/ SS joint system prepared in: (a) air and ()N,

interfaces, rather than to the poor crystallization ol
the peex film adjacent 10 the Fe,04 caused by
oxidation, because cohesive failure, which occurs
through the Fe,(); layer, was observed.
3) Three imponant elements were responsible for a
good bond at pEEK/metal joints: (a) the formation of
Fe or Cr-O-C complexes bonded covalently by a
charge-transferning reaction between oxygen in the
ketone groups of pee and elemental Fe or Cr in
the mecals: (b) the formaton ol a well-crystallized
interfacial prEK: and (c) the presence of 2 moderate
amount of Fe-O4. The N-induced pEEK/Stainless
steel (55) joint tully met all of these interfacial
requirements. developing maximum bond strength
and having a cohesive mode in which failure occurs
through the pEEK layer.
Although the conversion rate ol elemental Fe into
Fe, 0, for interfacial ss is lower than that ol CRs in
the air-induced PEEK/SS joint. poor crystallization of
PEEK caused by oxidation resulted in a lack of
interfacial chemical bonds. reflecting fatlure at the
PEEK/SS interfaces.
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Three different cationic polyurethane dispersions were synthesized and their adhesive
properties tested on polyvinyl chloride/pofyviny! chiloride, polyurethane/natural feather
and rubber/natural leather systems. In some cases the dispersions were cross-linked

during bonding. The kinetics of the cross-linking reaction were studied by infra-red

spectroscopy and differential scanning calorimetry.

Key words: adhesives; pelyurethane dispersions: formulation; cress-linking; reaction

kinetics; T-peei strength

Polvurethune solution adhesives are widely used:
however, [or environmental protection reasons the
solvent-horne svstems will be gradually replaced by
water-borne svstems. During the last 20 vears the
svithiests and properties of polvurethune agueous
dispersions have been extensivelv studied by muny
authors'™ Due to the sensitivity of these svsiems to
solvents and water, in some cases of application the
linear molecular structure of the polvurethane
ionomers could cause problems. This deticiency may
be overcome by cross-linking the system during
application™ . Tor example by using trimerized
diisceyanates, The cross-linking reaction cun be
followed by different methods. with infra-red (1R)
spectroscopf and differential scunning calorimetry
{nsC)® being particularly convenient,

In this work the adhesive properties of three cationic
polvurethune dispersions o four dilferent materiuls
were examined. [n some experimenis the polvurethane
ionomers were cross-linked dudng application. The
kinetics of the cross-linking reaction were studied by 1k
SpeCtroscopy and s,

Experimental detaiis

Preparation of dispersions

The cationic polvurethane dispersions were synithesized
tfrom polycaprolactone (Cara, M = 2000 lrom Solvav),
Ld-hutanediol (w13, from Buver), N-methyvl-
dicthanolamine (NMDEA. TTom Merck), isophorone

diisocvanate (1pp1. from Huels) and 1oluene
diisocyanate (Tt 80% of the 2.4 and 20% ol the 2.6
isomers. from Soda 5o using a standard prepoivmer
process®,

[n the first step the isocvanate prepotymer is formed
from the polvmeric diol (polvcaprolactoney und an
cxeess of diisocvanate. The prepolvmer is then
dissolved in a low boiling soivent (normallv acetone)
and chain-exwended by low maolar mass diols, part ot
them containing iomc groups (L.<4-hutanediol.
MN-methyldicthanolaminej. 1n the next step the ionic
groups are neutralized and the dispersion is tormed by
addinion of water under vigorous stirring. The solvent
is removed by vacuum distillation und a purelv
aquecus dispersion is obtained. as shown m the
reaction scheme illustrated in Fig. |

The tonomers differed in their molar rutio ot 1pm to
T — Le. Yl (samples | and 3 and i (sampic 2) —
and in their molar ratio of Cvpa o BD — e |34
(samples | and 2Yand 1.2 (sample 3). The
concentration ol ionic groups in all cuses wus
030 mmol ¢ ™', Formulations are given in Table [

For some ot the adhesion weses the 20" dispersions
ol the polvitretlane onomers were thwhened with
weight *h {wt %) 5104,

During applicaton the dispersions were cross-linked
by trimerrzed hexamethvlene diisocvanate (Desmodur
N from Baver. containing 1" ol NCO groups) or by
isoevanurite rimer {Desmodur DA trom Baver.
containing 19.3% of NCO gronps). In both cases 10 w's
of the cross-linking agent was added. cialeulated on the
solids contenn ot the dispersion.

0143-7496/92/010038-05 ¢ 1992 Burterworth-Heinemann Ltd
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(571 ABSTRACT

Hydroohylic polvacids, suchh 28 macromoiecules af
polyitacomc acid and poivacrelic acid. where such
macromolecules have molecwiar weights > 30.000 as
primers between a polymernc 10p coatng, such as pojy-
urethane, and an oxidized aluminum or aluminum ailov.
A near monoiayer of primer is used in poiymeric ad-
hesive/oxidized aluminum adhersd joint systems in
0.05% pnmer concentranion to give superior resuits in
standard peei tests.

12 Claima, 2 Drawing Sheets
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POLYACID MACROMOLECULE PRIMERS

This iovention was made with Government support
under contract number DE-ACH2-76CHO0016 berween
the U.S, Deparunent or Energy and Associatea Univer-
siges, [nc, The Government nas cerrun ngnts in the
invennon

BRIEF DESCRIPTION OF THE INVENTION

The present lavention describes the formutanon and
use of hydropiilic-type poiyacid macromolecuies, usu-
ally with molccniar weights grester than 50,000, to
significantly enhance the surface characieristcs of Oxi-
dized zluminum and zlumoum alloys. When these poly-
acid macromolecules, which conain functionai carbox-
yiic acid pendent groups are used as a coupling or cross-
lipking primer in polymeric adhesiveroxidizea alumi-
nurnp adherend joint systems. they preverensally interact
both wath the hydrated omde aluminum adherend 1o
form hvdrogen boads and with the funcnionai groups n
the idhesive o0 vield polvmer-to-polvmer chemical
bonding. This chemcai coupling berween the nvdrated
audherend and the polymernc adhesive acis sigmiicantdy
10 promote interracial adhesive bonds. [t appears that a
near monoiayer of polyacid s enocugh to occupy ail
available functional groups at the adhesive and alumi-
oum surface sites. Tlus arrangement plays a key rolein
governing the adhesion durability of the joint svstem
and the corrosion resistance of aluminum upon expo-
sure to a corrosive fluid The bond stability and corro-
sion protectve ability are due primaniy to the forma-
don of interfactaily produced hydrophobic reaction
producs,

BACKGROUND OF THE INVENTION

The important factors that determine the ability of
polymer coadngs 0 protect structural aluminum sur-
faces from corromon are the magnitude of the wertabil-
ity of the Al suttace by liquid polymer materais ang the
stability of the interacnon products formed at polymer-
to-AJ intertaces. [n order to achieve snhanced werabi-
ity, the Al surface should have a high surface (ree en-
ergy for enhanced sumace reacuvirty and swficient
roughneas 10 provide 2 large surtace area for promoting
wettng and mechanicai locking. [f the chemical inter-
acuon at the polymer/Al joint resuits in the formation
of valence bonds, mamniy covalent, the interfacially-
formeq interaction products wiil not only result 10 an
increase in the basic adhesion. but also contrtbute 0 a
modification of the chemucal composition at the interia-
cial regions. This modificatton should be associated
with the formation of hydrophobic interaction products
which can be expressed a3 passivadng layers.

To date. two commerezal surface preparations for Al
the Forest Producis Laboratory (FPL) preparauon
[Eichner et al.. Forest Products Laboratory Report No.
1813, Madison, Wis., 1950] and the Phosphonc Acid
Anodization {PAA) process [Kabayaski et al., Boeing
Cormparation Report No. D6é-41517, Seattle, Wash.,
1974, have been widely applied to promote interfacial
bond strength at aluminum adhesive joints. The purpose
of these surface treatmenis is 201 only (0 crease the
roughness of the Al surface thereby enhancing the me-
chanical iateriocking bonds, but aiso 0 modify the
surface chemical compositions.

One significant probiem thar has been encountered
with these commercial surface preparations is that

io

31
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when the treshly etched aluminum surface is exposes to
moisture, hydrarion begins to occur. Considerable at-
tennon has been given (O [he growth and transtorma-
ron of the FPL oxide t0 a hydrated oxide Al in the
interfacial regions as this intertace was exposed at vari-
ous nmes 1o a humigd environment, The ciermical trans.
formation commences when the moisture penetrates
through the polymer layer and reaches the originai
agherend oxide adjacent to the adhesives. The reaction
of Al oxide with moisture resuits in the formaton of the
hydrated oxide Al which represents a different mor-
phoiogy from the orniginai oxide. This interfacial cone.
version ot Al oxide to hydroxide leads to the generation
of adhesion stress and swetling and the promotion of
crack propagaton at or near the Al-hvdroxide inter-
faces. thersby resulting in bong failure and the intiaton
of corrosion. In cicher the FPL or PAA weaunent, an
oxide adherend thac wail resist artack by moisture 15 1he
crinicai element for boad durabilicy.

Prior art approaches to deating with the mosture
problem involve the rajoring of the ceactive surace
nature using organosane and nranate dertved cougling
agents as chemicai modificanons tor Al oxide ano ny-
droxide surfaces. However, oligomers or umreacteq
mono silanois are stll present in the coupling layers.
The presence of unreacted fuoctionai silanol leads to
the hydroilysis of the coupling layer brought about by
penetration of moisture through the adhesive, as the
adhesive/coupiing/adherend joint system is exposed (o
high htumidiry environmen:s, This relates directly to the
hydrolytc delaminanon failure mode,

The simplicity of polyacid molecules such as the
polyacrylic acid (PAA) and polyitacogic acid (PIA)
macromolecules, which consist of —CHy=—CH-- main
chains and functional carboxylic acid pendent grougs.
makes themn very attractive for use in resoiving the
probiems presented by the prior art matertais. Work
retated to the namre of interfacial reactions which piay
key roles in determumng the extent of bonding between
PAA/PLA and crystailine hydrate conversion coatings
deposited as corrosion protective (lims on steel surtaces
is known [Sugama et al.. J. Marer. Sci,, 19, 4045, [984).
Even though the rough surface morpnology of the
cOonverson coanngs enhances the imertagial mechanical
bonding, the regulariy oriented pendent carboxylic acid
zroups at the interface are readily accessibie (o proion
donor-acceptor interactions to form hydrogen bonds
with the poilar hydroxyi groups which occupy the out-
ermost surface sites of hydrated crystai lavers. This
interaction behavior of PAA/PIA has been found to
play an essential role in promonng good wntertaciai
bond performance.

BRIEF DESCRIFTION OF THE DRAWINGS

F1G. 1 shows the peei strength as a function of primer
concentration for: (1) poiyurethane (PUV/PLA/AL (o)
(2) PU/poiyvinyipyrrolidene (PVPY/AL . (3) PU/-
polvacrylamide (PAM)/AL () and (4) PU/poiystv-
renesulfonic acid {PSSA)/ AL (A) joine systems before
ang after exposure for 30 hours to kot aikali at 30° C.

F1G. 2 shows the vanation wn 180" .peel strength of
PU-PAA-aluminum joints, before and afier exposure to
hot NaOH solunon, as a funcnon of PAA concentrz-
non.



4.389.718

Dec. 26, 1989 Sheet 2 of 2

U.S. Patent

g bry
(WY SSSINAIHL ) % TINOD VY
109~1 i~ 10°8~1 1g'p~)
01 50 £0 10

— g — i i

. -

Jo08 1V
SHNOH € HO4 HOON WID Q1 IUNSO4XT YIidy —8—

HOULNTI0S HOPN 0f IHNSOLXT IWG438 -0

o

o
w

w3 8y ‘HiSNIHLS 1334



4,889,718

3

DETAILED DESCRIFTICN OF THE
INVENTION

The present invention relates (o a polymer topcoat,
polyacid prumer, and oxidized aluminum or alumioum
ailoy in a sandwich construction, The polyacid is se-
lected from macromotecules > 50,000 M.W., with
poiyitaconic acid (PIA} and polyacrylic acid (PAA)
being preferred. The polyacid is applied in near mono-
layer depth, This primer technique overcomes the poor
bond strength that resuits from the prior art approaches,
Comparative peel swength of one preferred embodi-
ment of the present invention PU/PIA/Al compared
with conventional polymeric coats is shown in F1G. 1.
A3 seeny in FIG. 1, the peel strength of the upexposed
PU/Al control specimens prepared without the use of
primers. was increased by more than three dmey when
a PIA mrermediate prumer layer was applied. In con-
trast. the use of polvvinylpyrrolidone (BYPY, polysty-
renesuifonic acid (PSSA), and polyacrylamide (PAM)
prumers was less effecrive,

The prasent invennon describes the role and nature of’
PAA and PLA for use as a primer in adhesive-treated
aluminum joint systamas. [n one embodiment of the pres-
ent invention, the joint systems can be composed of a
Forest Product Laberatory (FPL) process-etched alus
minum adherend, poiyacid primers, with PAA and PIA
primers being preferred. and poiyurethans adhesive,
The FPL aluminum etching procsss invoives immers-
ing aluminum in a hot chromie acid solution o that the
surface is readily oxidized to form a layer of amorphous
AlOy and Gamma-Al;O3 during the etching process.
Orne of the most significant fearures of a fresh Al;Q3
suirface is its extremely high susceptibiiity 10 moismere.
The reversible physisorption of water is koown as a tirst
stage in the hydration process of AlxOy. When a (reshly
ctehed surface is immersed in coid water, an amorphous
bydroxide is formed at the outermost surface sites,
whereas a surface treated with bot water reveals the
formaton of crysealline boehmite snd bayerite outer
lavers. Therefore, the compositions of aging FPL
etched surtaces probably consust of alumiaum hydrox-
ide or bydrated aluminum oxide layers covering an
aluminum oxide layer,

The abjective of the present invenuon i8 to use the
polyacid primer to promote adhesive bonding of the
FPL adherend-PU adhestve joints and to improve the
adhesion durapility under hot alkaline environments,
the type Of environments {ound in geothermal applica-
tions among others.

The thin polyacid primer {ilms of a near condlayer
{<50A) thickness. which are applied on the oxidized
aluminum alloys. are prepared as {oliows: (1) the acid.
treated aluminum substrate i3 immersed it a <0.1%
PIA or PAA solution in water for 5 min. at room tem-
perature, and (2) the substrate is then oven beated at a
temperature ranging from !0Q° to 150° C. for approxi-
mately 3G min. to solidify the polyacid macromolecutes.

In order to achieve good adhesion of polymer adhe-
sive 10 hydrated aluminum oxide or aiuminum hydrox-
ide adherend. water-scluble PAA and P1A macromole-
Cuies are applicable as a pnmer for the adherend-adhe-
sive jonts. When the polyacid pnmer is contacted with
FPL-etched aiuminum surfaces, macromoiscules have
ing regularly oriented functional COOH pendent
groups are mobile enough 10 continuously wet the alu-
ounum oxide hydrate surface sites at which the interfa-
ctal chemcal affinity is particulariy favorable, Subse-
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quently, the proton-donaung COOCH groups form
strong hydrogen bonds with the polar hydroxyi groups
as proton acceptors which form on the outermost sur
face sites of oxidized aluminum. The preferred hvdro-
gen bond formation in the interracial regions is responsi-
ble for the development of interfacial bonding in
PAA/PLA adherend joints. The presence of disconunu-
cus salt formation at the interface, which resuits from
the presence of nuciecophilic Na+, Cal+, and Cu? =
ions on the etched surface, results in locaily generated
dishbondment, thereby reducing the bond strengtin. Thus
such salt formation should be avoided.

In addition, the use of a PAA or PLA primer im-
proves the peel strength of the PU poiymer/adherend
joints because of the interfacial chemical reaction oc-
curring between the carboxylic acid groups of PAA
and PLA, and the isocyanate groups in the PU ropcoat.
Good bond performance and durability brought about
by the use of PAA or PIA is associated not only with
the chemical crosslinking functions connecting the hv-
drated oxide aluminum with the PU adhesive buz also
with the optimum thickness of the intermediate primer
tayers. The latter means that the PAA/PLA ({ilm should
have only enough functional groups 1© eccupy all avad-
abie hydroxyl and isocyanate groups at the adberend
and adbemve interface sites. In fact, the presence of a
near monolaver of PAA or PLA {ilm, produced using a
0.05% concentration in an agueous medium, plays a key
role in achieving excellent bond durability in hot alka-
line solutions. The crosslinking structure of the poiy-
acid primer in the interfacial regions contributes signifi-
cantly to the formation of a swizble interfacial bond
witich is resistant to moisture because of transformauon
of hydrophilic COOH to bydrophobic reaction prod-
ucts at the interfaces. The near monolayer appiication
of the polyacid primer is critcal. The presence of the
addittontali COOH groups associated with thicker PaaA
and PLA [avers contributes to gel-induced primer fail-
ures bemeath the PU topcoat.

EXAMPLE |

Materials and Methods Employed [o Expenmental
Work

The zluminum substrate used in the experiments was
a clad aluminum sheet (denoted 2024-T3) containing the
following chemical consdtuents: 92 wt % AL 0.5 wt %
SLOSwt % Fe, 45wt % Cu, 0.5 wt % Mn, LS wt %
Mg, 0.1 wt % Cr, 0.25 wt % Zn. and 0.15 wt % other.
Commerctally available PAA, 0.05 to 5.0% solution in
water, having an average molecular weigbt (M.W.) of
104,000, was employed as a primer coating (0 promote
adhesive bonding, Polyurethane (PU) resin was applted
49 an elastomeric topcoating. Polymerization of the PU
w43 {nitiated by incorporadng a 0% aromanc imine
curing agent,

The oxide erching of the aluminum was prepared in
accordance with a well-known commercial sequence
Cailed the Forest Products Laboratorv (FPL) process.
As the first step in the preparanon, the surfaces were
wiped with acetone-soaked tssues 10 remove any or-
gani¢ contaminarion. They were then imimersed in
chromuc.suifuric acid (Na;Crigr2H,Q: H:SO4. Wa-
ter=4:23:73 by weight) for [0 min at 30° C. After etch-
ing, the fresh oxide surfaces were washed with deion-
ized water at 30° C. for 5 min. and subsequently dried
for about 13 min at 50° C, After drying, the surfaces
were aged in the air at about 0% relanve humidity for
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7 days. All the etchad substrates were stored (n a desic-
cator to avord adsorpuon of additional water.
Thin PAA primer films were applied to the treated
aluminum surfaces by immersing them i the PAA solu-

tons for about 5 min at room tempesature. After immer-

sion, the substrates were lefi i an oven at 150° C. for
about | hr, to solidify the PAA macromoleculss.

Commercial-grade poiyurethane (M313 resin, Lord
Corporanon) was applied as an ciastomeric topcoatng.
The poiymerizarion of silica-filled PU composite was
iniated by incorporating a 50% aromatic amine curing
agent M201. The inidated topcoat system was then
cured in the oven at 3 temperature of 80* C.

EXAMPLE 2
Prepararion and Testing of Materiais

PU polymer was overiaid onto PAA- or PlA-coated
aiumanm subsirates, and then the PU-coated specimens
were subjected to a 0. 1M NaOH solubon at 30° C. for §
hr, All of the edges on the PU-coated plate specimens
used (n the tests to esgmate the bond durabilicy of the
PU/PAA or PlA-10 min-etched aluminum adhesive
Jjoims were unprotected. The adhesion durability at the
intertace was evaluated on the basis of 180" peel
sirengrh rests performed at room temperature. For a
companson with the adherend properties of PAA- or
PlA-overiaid substrate surfaces, two other substrate
surfaces, non-etched plam aluminum and ewched alumi-
oum without a PAA or PIA coaiing, were also exam-
ined. The peet strength of the PU/PAA or PLA/ctched
aluminum joints before and after exposure to the NaQH
solnidon were determined as a function of PAA and PTA
film thicknes and concentration applicd on the stched
surfaces. These resuits are shown (n Tabile 1. For the
unexposed specimens, a considerable mcrease m peel
strepgth was noted as the amount of PAA apd PIA
deposited was increased from 0.03% tw 0.5%. The
strength of 0.05% PAA-~ and PIA-containing films was
about 70% of the maximum strength, After exposure
0.05% has been found to be the optimum concentraton
for deveiopment of peel strength as is shown in Table I,

In contrast, the inwinsic adhesion mechzmsm ob-
served at PU.-to-¢tched substrate joinis is more likeiy
mechanical nteriociking which relates directly to the
surtace roughness. This was thought to occur when PU
remn set o the crater-like pits oz the erched surface
which gave 2 mechanical key. However. the phisical
mrerlocking formation appears to yield a much stronger
boad than that producsed with an unetched smooth
substrate surface.

TABLE |

Vananons is 180" -Peel Sturength az PU-PAA or PLA-Al Jomnrs
Before and A fter Exposure to Hot NeOH Solurion as a Funcoon
of Primer's Thickness and Concentranon

Peel Strength,

28

50

Filny kgscm 35

[ Thick Before Aftee
Primers ) nm Exposure Exposure
non-etchett 0 0 0.93 U
Al
etched Al a Q 124 . 50
PIA 0.05 1.0 1313 410
A 0.10 35 311 6.23
Pla 0.50 00 3.00 Lia
Pla 109 110.0 1.90 019
PAA .03 1.5 6,10 138
Paa 0.10 5.0 T.14 257
PAA 0.50 170 320 063 435
PAaA .05 i500 126 0.42

* Separatvm (nilure of PL film

6

EXAMPLE 3
Pe=l Strength

Peel strength measurements were performed on spec-
imeps afrer exposure to hot zikaline soludons. Asseen in
FIG. 2. although ail speciumens exiiiit strength redue-
don, the rate of reducton depends upon the PAA con-
¢entration and, therefors, the thickness of the primer.
The iowest reduction mn sirengily was obtained for spec-
imens containing a 0.05% PAA primer layer which can
be described as the formation of a near monoiayer. The
stoengih of the 0,1% PAA film which has a thickness of
about 4,5 nm drops tw about 35% of its original value,
At higher concentrations, the rate of reduction n-
creases significantly, ranging from 83% for about §-nm-
thick film to for abouc 60-nm-thick Alm.

Films of near monoiayer thickness were less suscepn-
ble to the hot aikali because of the existence of few
hydroiyticaily semsiive free COQH groups in the
primer layers. In this case, most of the f{uncuonal
COOH groups in 2 monoiayer of PAA ar the mnterfice
between, the ajuminum substrate and the PU topcoating
can react chemicafly with the availabie polar groups
such 23 hydroxyi and socyanace wiich are present on
both the adherend and adhesive surface sites. Thus. for
the best alkajine retistance, the PAA primers shouid
have only enough functional groups to occupy all avail-
able surface polar sites. A small propordon of functional
groupe in the primer is optimum. Since the nature of the
reaction product formed i the interfacial cegions 1
important in achieving good bond durability, it should
be noted that the chemical interactions at the PU-PAA-
alumirum interfacial boundarics form new reaction
compounds with hydrophobic characterisucs less sus-
cepuble to the alkaline fluids. This hydrophobic struc-
ture formed at the interface plays an important rola in
achieving long-term bond durability in the chemically
aggressive environments.

I claim:

1. A formed poiymeric adhesive/polyacid/oxidized
aluminum adherend join: system wherein the polyacid
is water-soiuble has a moiecuiar weight > 50,000 and is
applied in near monoiayer.

2. The joint system according to claim 1 wherein the
polyacid is polyacryhc acid.

3. The joint system according to claim 1 wherein the
polyacid is polyitaconic acid.

4, The joint system according to claim 1 wherein the
polymeric adhesive is polyurethane,

5. A coupling and crosslinking primer comprising a
water-solnble polyacid macromolecule of a moiecular
weight > 50,000 near monoiayer in depth used in 2
formed poiymeric adhesive/oxidized aluminum adhber-
end joint system.

6 A primer according to ciaim § wherein the poiy.
acid iy poiyacrylic acid.

7. A primer according to claim 5 wherein the poiy-
acid is poiyitacomc acid.

8. A primer according to claim 5 wherein the poiy-
meric adhesive is poiyursthane.

9. An aluminum/polymer sandwich consisting of an
oxidized aluminum base next to a water-soiubie poly-
acid primer of near monolayer thickness and a top poly-
mer layer.

10. A sandwich according to claim 9 wheremn the
poiyacid primer is polyacrylic acid.

11. A sandwich according to claim 9 wherein the
polyacid primer is polyitacomc acid,

12. A sandwich according to claim 9 wherein the

polymer is polyurethane.

L 3 - -
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[57] ABSTRACT

Solutions and preparation methods necessary for the
fabrication of metal oxide cross-linked polysiloxane
coating films are disclosed. The films are useful 1n pro-
vide heat resistance against oxidation, wear resistance,
thermal insulation, and corrosion resistance of sub-
strates. The sol-gel precursor solution comprises a mix-
ture of a2 monomene organoalkoxzysilane, a metal altkox-
ide M{OR), (wherein M is Ti. Zr, Ge or Al; R is CHj3,
Ci:Hs or C3H7y; and n is 3 or 4). methanol, water, HC]
and NaOH. The inventicn provides a sol-get solution,
and a method of use thereof, which can be applied and
processed at¢ low temperatures (i.e. <1000° C.). The
substrate can be coated by immersing it in the above
mentioned solution at ambient temperature. The sub-
strate s then withdrawn from the solution. Neat, the
coated substrate is heated for a time sufficient and at a
temperature sufficient to wield a solid coating. The
coated substrate is then heated for a time sufficient. and
temperature sufficient 1o produce a polymetallicsiiox-
ane coaung.

27 Claims, 7 Drawing Sheets
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SOLID-GEL PRECURSOR SOLUTIONS AND
METHODS FOR THE FABRICATION OF
POLYMETALLICSILOXANE COATING FILMS

This invention was made with Government support
under contract number DE-AC02-76CHO0016, be-
tween the U.5. Depaniment of Energy and Associated
Universities, Inc. The Government has centain rights in
the invention.

BACKGROUND OF THE INVENTION

The present invennion tncludes solutions and the
preparation methods necessary for the fabncatton of
melal oxide cross-linked polystloxane coating films
which are useful in providing heat resistance against
cudation, wear resistance, thermal insulation, and cor-
rosion resistance of substrates.

In the past. ceramic coatings on metallic and plastic
substrates have nol been widely used primarily because
many ceramic coalings can be applied and processed
only at high temperatures {i.c.. only at temperatures
above 100" C.) using expensive and time-consumng
methods such as chemical vapor deposition. Therefore,
aluminum alloys. plastics and other materials with low
melting points were not easily protected.

U.S. Pat. No. 4.584.280 o Nanao discioses a process
for preparing a porous ceramic film by applying an
anhydrous soiution containing an organometallic com-
pound and a multifunctional organic compound (o a
substrate and thermally decomposing the substrate, The
organometallic compound mayv be titanium aikoxide.
Exampies of the muliifunciional organic compound
include such orgamec compounds as glycenine. ,4-
butenediol. pentaerythritol, dextrin, arginic acid.
methyl cellulose, ethyl cellulose, hvdroxvethvl cellu-
lose. carboxymethyi celluiose, carboxvmethyi starch.
hydroxveihyl starch. polyvinvialcohol. and mixtures
thereof. The thermal decomposition 15 conducted at a
temperature of not less than 200" C., and 1hen. if neces-
sary, the coated substrate is baked. Nanac does not
teach the formation of a polymetallicsiloxane film at
low temperatures as does the present invennion.

U.S. Pat. Nos, 4,455,414 and 4,347, 347, 10 Yajima. et
al. disclose an organic copolymer composed of a poly-
carbaostiane portion and a polymetallicsiloxane portion
cross-linked with each other and the process of making
it. Neither patent tcaches the formation of a polymetal-
licsiloxane fiim at low temperature as does the present
invention.

U.S. Pat. No. 4,028,085 to Thomas discioses the com-
bination of a hydrolyzable metal alkoxide with a par-
tially hydrolyzed silicon tetraalkoxide to form a2 metai-
licsiloxane solution. Thomas does not teach the applica-
tion of the solution 10 a substrate nor does nt teach the
heaung of the solution to create a ceramic-type polyme-
tallicsiloxane coating.

1t is, therefore, an object of the present invention to
provide a polymetallicsiloxanc sol-gel precursor solu-
tion which can be used in the preparation of metal oxide
cross-linked polystioxane coanng fiims which are useful
in providing heal resistance agatnst oxidation, wear
resistance, thermal insulation. and corrosion reststance
of substrates,

1t is an object of the invention 1o provide a sol-gel
solunon, and a method of use thereof, which can be
apphed and processed al low temperatures (t.e., at tem-
peratures of less than 1000° C.).
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A further object of the invention is to provide a
polymetallicsiloxane sol-gel precursor solution which
will adhere well and have an appropriale expansion
coefficient, especially during temperature cycling. 50
that scparation of the coating film from the substrate
will not oecur.

BRIEF DESCRIPTION OF THE INVENTION

This invention relates 10 1the formulation of sol-gel
precursor solutions and the preparation methods neces.
sary for the fabrication of the metal oxide cross-linked
polysiloxane coating films. The metal oxide cross-linked
polystloxanc coating film enhances heat resistance
against oxidation, wear resisiance, thermal insulation
and corrosion resistance of substrates such as aluminum,
steel, magnesium, and tiznium. The sol-gel precursor
solution includes a mixture of a monomeric organoaik-
oxysilane, a metal aikoxide M(OR), (wherein M is a
transition metal; R is CH3, CHsor CiHr and nis 3 or
4}, alcohol. water and a chlorine containing acid. Suit-
ably M can include Ti, Zr, Ge and Al Preferably the
alcohol is methanol, ethanol or propanol. The invention
provides a sol-gel solution, which can be appiied and
processed at low temperatures (i.e.. < 1000° C.). Prefer-
ably, NaOH is used 10 adjust the pH of the solution to
about 7.5,

Preferably, the monomeric organoalkoxysilane is
selected from the group consisting of N[3-{tricthoxysi-
iyl} propyi]imidazole (TSPI} and N[3-triethoxysilyl)-
propyl]-4.5-dihydroimidazole {TSPDI}. In a preferred
embodimemnt the amount of HCI is suifficient to provide
a clear solution and acts as a hydrolysis accelerator. In
another preferred embodiment the ratio of imidazole
containing monomeric organoaikoxysilane © metal
alkoxide is in the range of about 8§0/20 to about 50/50 by
weight (i.e., the solution comprises 18-35 wt % TSPl or
TSPDL 9-18 wit % Ti{OC;Hs4, 21-26 wit % methanol,
13-29 wt % HCI! and 14-17 w1 % water). The sol-gel
solution is miscible with waler and the thickness of the
coating films can be adjusted by adding an appropnate
amount of water to the solution.

The substrate can be coated by wnmersing it in the
above mentioned solution at ambient 1emperalure. The
substrate is then withdrawn from the solution. Next, the
coated substrate is heated for a ume sufficient and a1 a
temperature suificient to yield a solid coating. The
coated substrate is then heated for a time sufificient, and
at a temperawure sulficient, o produce a polymetallic-
siloxane coating.

To date, ceramic coatings on metallic and plastic
substrates have not been widely emploved for several
reasons. First, ¢coatings must adhere well and have an
appropriate cxpansion coetficient. This is espectally true
during temperature cycling, otherwise, separation of
the coating film from the substrate wiil occur. Second.
many ceramic coatings can be applied and processed as
coatings only at high temperalures (i.e., >1000" C))
using expensive and time-consuming methods such as
chemical vapor deposition. Therefore, the instan sol-
gel solution, and the preparation methods for the formu-
lation of metal oxide cross-linked polysilorane coanngs
films. are advantageous in 1hat 1they permit the applica-
tion of an effecuve polymetailicsiioxane coating at a
temperature which more casily permns the use of ajumi-
num atloys and other low melung point matenals.

For a better understanding of the inveniion, together
with other and further objects, reference is made to the
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foliowing description, and its scope will be pointed out
in the appended ciaims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates the 1R absorpucn spectra for pow-
der samples of various GPS/Ti(OC:Hs)s ratios heat
treated at 300* C.

FIG. 2 details the IR absorption spectra for powder
sampies of various GPS/Ti(OC;Hs)s ratios heated at
400" C,

FIG. 3 details the IR absorption spectra for powder
samples of various GPS/Ti(OC;Hs)4 ratios heated at
500° C.

FIGS. #¢) and #b) illostrate surface morphologies
for GPS/Ti{OC:Hs)a coatings treated ar 300° . The
micrographs  correspond  to  the  following
GPS/Ti(OC;Hs)4 ratios: FIG. 4(a)—100/0 and FIG.
#(b)—50/40.

FIG. 5 graphically illustrates the variation in corro-
sion current (lop) for aluminum substrates coated with

various GPS/Ti(OC;Hs)s ratio systems as a function of -

the film-treatment temperature,

FIG. 6 illustrates the changes in IR absorbange corre-
sponding to the Si—0O—Ti bond at approximately 930
cm—1 for Ti compound-incorporated organosilanes
preheated at temperatures within the range of 200° to
00° C,

FIGS. 7(a) and 7(b) detail SEM images for TSPI 7(2)
and APS 7(5) coating films heateg a1 200" C.

FIGS. 8(c) and 8(b) detail the surface morphologis
for TSPDI 8{a) and APS 8(b) system coatings heat
treated at 300° C.

FIG. 9 iljustrates the SEM micrograph for the
TSPDI coating system heai treated at 300° C. The(a)in
the corner of the figure was the code used in prepanng
the SEM miicrographs to identily the TSPDI system.

FI1G. 10 illustraies the IR spectra for 350" C.-
annealed TSPDI/M(OC:H™; o 4 for the (a) 100%
TSPDL {b) TSPDI/Zr(0OC:H7)4 (50:50 ratio) and (c)
TSPDI/Ti{OC1H)4 (50:50 raro) systems.

FiG. 11 illustrates the polyzircomicsiloxane (PZS)
film derived from the 70/30 TSPDI1/Zr({OC1H7)4 sol-
gel solution.

FIGS. 12(a) and 12(5) illustrate surface features of
pyrolysis-induced PTS coaung films: F1G. 12(a) illus-
trates a 70/30 TSPL/Ti(OC3H7)4 ratio system and FIG.
12(b) illustrates a 50/50 TSPI/TW(OC;H s ratio system.

DETAILED DESCRIPTION OF THE
INVENTION

The sol-gel precursor soiution of the present inven-
tion includes a mixcure of a monomenc organoajkoxysi-
lane, a metal alkoxide M{OR), (wheretn M is a suitable
transttion metal); R is CH3, C;Hsor CiHp;andais 3 or
4), alcohol (such as methanol, ethanol or propanol),
water, and a chlorine containing acid (such as HCI).
Suitably, M may be Ti, Zr. Ge or Al Preferably, the pH
of the solution is adjusted to about 7.5 ((or reasons of
handhng safery) by the addition of NaOH. Among the
monomenc organoalkoxysilanes which can be used
with the present invention are those listed in Table L. In
a preferred embodiment. the monomenc organcalkox-
ysilane contains an mmidazole group. for example, N{3-
(tnethoxysilyl) propyli-4.5 imidazole (TSPI) and N[3-
tnethaxysilyl)propyt}-4.5-dihydroimidazote (TSPDI).
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TABLE |

QrganomianerChemical Formuly

. glycidorypropyhinmethoxyulane (GPS)
CHx=——CH~=CHy=~0=—{CH-)=—5i{CCH )2
NS

O

}.amincpropyhiemnethoxysiiane (A PS)
HaN={CH3}3==Si(OCH1)

N-[I-(tnethoxyiilylpropyljimidazole (TSP

A
N =

N-{3-{Iricthoxysily! ypropyi]4. S-dihydroumdazoie {TSPDD)

N=—(CH2)y=Si{CCH1)y

N=—(CH7)y=SiOC;Hs)y

n =

The film-forming precursor solution can be prepared
by incorporating an organcalkoxysilane/metal alkoxide
(M(OR)n wherein M is a suitable transition metal such
as Ti. Zr, Ge or Al; Ris CHj, C;Hsor CiH7 and nis 3
or 4) into an aicohol/water mixing medium containing
an appropriate amount of an acid containing chlonne.
Suitably, the alcohol may be methanci, ethanol or pro-
panoi Preferably, the acid is HCl. The acid acts as a
hydrolysis acceleraior and produces a clear precursor
solution. The addition of the acid aids in the formation
of a uniforin coaitng film on the metal substrate. When
the precursor solution is used as a coating material for a
metal substrate, the pH of the solution is preferably
adjusted to approximately 7.5 by the addition of an
appropriate amount of a suitable base such as, for exam-
ple, KOH or NaOH. Prior 10 addition of the base, the
solution will be very acidic (i.¢., it will have a pH of
from about 1.0 to about 3.5). The base makes the solu-
tion safer to handle.

The aluminum substrate used in the following exam-
ples was 2024-T3 clad aluminum sheet containing the
following chemical constituents: 92 wt. % Al 0.5 wt. %
Si, 0.5 wi. % Fe, 4.5 wt, % Cu, 0.5 wt, % Mn, 1.5 wt
% Mg, 0.1 wt. % Cr, 0.25 wt. % Zn and Q.15 wt. %
other elements.

The oxide etching of the aluminum was carried out in
accordance with a well known commercial sequence
called the Forest Products Laboratory (FPL) process.
As the first step in the prepsration, the surfaces were
cleansed with acetone to remove any organic contami-
nation, They were then immersed in chromic-suifunc
acid  (Na;Cry0+2H20:H:80:Water=4:23:73 by
weight) for 10 min at 80° C. After erching, the fresh
oxide surfaces were washed with deiomzed water at 30°
C. for 5 min, and subsequently dried for 15 min at 50° C,

The substrate can be coated by immersing it in the
above mentioned solution at ambient temperature, The
substrate is then withdrawn from the soluticn. Next, the
coated substrate is heated for a time sufficient and at a
temperature sufficient to yield a solid coating. The
coated substrate is then heated for a ume sufficient, and
at 2 temperawre sufficient, 10 produce a polymetallic-
siloxane coaung.

A thinner polymetailicsiloxane coatng may be ob-
tained by diluting the sol-gel precursor solution with
waler.
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TOCHs)s-Madified GPS Svstem

Coating of the aluminum surfaces using the sol-gei
system was performed 1n accordance with the [ollowing
sequence. First, the FPL-etched aluminum substrate
was immersed In the precursor solution at ambient tem-
perature. The substrate was then withdrawn slowly
from the soaking bath. after which the substrate was
heated for 20 hrs. at a temperature of 100° C. to yield a
solid coating, The samples were subsequently heated
for 20 min. a1 temperatures ranging from 200° to 500" C.

The mix compositions for the GPS/Ti(OC;Hskh
based precursor solution systems are given in Table 2,
For each formulation, the GPS to Ti(OCH«)4 ratio was
varied so that the concentration of HCI needed to pro-
duce a clear precursor solution was dependent mainly
on the GPS/Ti(OC;Hs)s ratio. As the proportion of
Ti(OC Hs)s increased, the required amount of HCI was
increased to form Tt compounds which were suscepti-
ble 10 hydrolysis. The HCl-catalyzed hydrolysis of Ti-
(OC:H)g 15 as (oilows:

=Ti~0C;Hy » H= ~ {1~ ——»=Ti—Cl + C;H:OH
=Ti—~Cl + HiQ ——»=Ti=—~CH ~ HCI

TABLE 2

0

[&]
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! |
i i
- e T ) e . [ 300" C
o 'ln O=CH;: (I:Hvsl. W
(s} OH O = vCHOH,
| |
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HO~—CH o]
i ? |
=S Q=i
| |
Ti incorporated
organopolysilane networks
] ]
o o
| I
-O—'ll'i—O-'?i—'
o] o]
1 | i
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| i i
Q Q
| i

Polymetallicsiloxane

The conversion of the Ti incorporated organopolysi-

Composuions of ¢lear precursor solutions
used for variouws GPSTWOC-Hay ratios

GPS/TUOCH, GPS TCC:Hiy  CHYOH Warer HCY (wr. )/
{w1. 1110 (Wi, ) Wi 7 {wt %Y wi %) JGPS - TWQOC:Hsh
1000 50 q 30 20 10
#0720 240 0 o 0 10
0740 30 W0 Rt 0 0
40,60 0 L) 10 0 3o

The hydroxvlated titania derived from the hydrolysis
of Ti(OC;;Hs)4 appears to react preferentially with the
C-Cl groups. rather than the silanol groups {Si-QH).
The silanol groups are formed by hydrolysis of the
methoxysilane groups in GPS. A possible condensation
reaction occurnng between the C.Cl in the polymerie
organosilanes and the hydroxy groups in the hydrated
Ti compounds is shown below:

|
~Tr=0H « Cl—CHy—CH~— =HElL s,
OH

= Ti-—-O—CH:-(l:H- + HCl
OH

Upon heating to 300" C., a large number of carbon
contaimng groups such as CH:O and CH3CHO are
eliminated from the Ti incorporated organopolysilane
networks. This can be seen in the following eguation:
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lane nerworks into the polymetaliicsiloxane network
structure occurs at about 300° C.

At temperatures of about 300" and above: pyroivtic
changes in conformation appear to occur. The pyroiytic
changes result in the elimination of numerous organic
groups from the Ti-incorporated organopolysiiane net-
work structuces. Once the transition 15 completed. the
Ti elements located in the netwarks act as a crosslinking
agene which connect directly between the polysiloxane
chains. The extent of Ti crossiinking depends mainly on
the GPS/Ti(OC;Hs)s ratio. Samples for IR anaiysis
were prepared by incorpoarating the powdered samples
into KBr pellets. The presence of Si-——O—Ti linkages i
the PTS is indicated by an IR absorpeion peak at ap-
proximately 930 ¢m—1. The absorption intensity around
930 em—! becomes weaker as the propertion of Ti-
(OC1Hy)ais increased. This 1s iliustrated in FIG. 1. The
presence of the bonds at 930 cm — ! illustrates the forma-
tion of a polytitanosiloxane film at a low 1emperature
(i.e., less than 1000° C).

When the heat treatment temperature was mcreased
to 400" C., the peak in the 2900 cm—/! region of the IR
spectra for all of the GPS samples disappeared. This is
shown in FIG. 2 and suggests that ail the residual or-
ganie eompounds were nearly removed from the PTS
networks. The spectral features for the 400° C.-treated
samples were similar 1o those for the 300" C.-treated
ones with the exception of lhe disappearance of the
2900 cm= ! scale from 400" C. tregted sample. Compar-
ing the results at 500° C. (see FIG. 3), with those at 400"
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C. (FIG. 2). no specific changes or shifts in the absorp-
tion bands for any sampies can be seen.

When the film treaiment temperature was raised (0
300* C., samples containing a GPS/Ti(OC;Hs)4 ratio of
100/0 experienced severe damage, This is shown in
FIG. 4a. The failure appears to be dus to pyrolytic
changes in conformation of the polymericorganosilane.
These pyrolync changes resuit from 1he elimination of
organic species from the network structure and result in
excessive shrinkage of the film. The SEM (scanning
electron microscope) microstructure view of the 60/40
ratio film (FIG. 4b4) disciosed a much lower magnitude
in shrinkage and/or stress cracks. This strongly sug-
gests that the cross-linking ability of the Ti compounds.
which connect directly between the polysilane chains,
acts significantly 10 suppress the development of stress
cracks. It is theorized that the network structure of the
PTS polymers, formed bv pyrolytically induced confor-
mational changes in Ti compound modified organosi-
lane polvmers, contributes to the maintenance of film
shape al high temperatures. The amount of cracking can
be reduced by diluting the sol gel precursor solution
with water. The dilution of the soi gel precurser solu-
1ton results in the formanon of a thinner polymeiallic:
siloxane coating.

Corrosion protection data for the above-coaled sub-
strales were obtained from the polanzation curves for
PMS coated FPL eiched aluminum samples upon expo-
sure to an aerated 0.5M sodium chloride solution at 25°
C. The typical cathodic-anodic polarization curves of
log current density vs. potential for the coated samples
were similar to those reporied by several investigators
for other materials (G. A. Dibari and H. J. Read. Corro-
sign, 27 (1971) 483: Z. A. Foroulis and M. J. Thubniker.
Electrochim, Acta. 21 (1976) 225: and A. V. Pocius. in K.
L. Minal (ed.), Adhesion Aspects of Polymeric Coarings,

lenum Press, New York, 1983, pp. 173-192).

The corrosion protective paerformance of the coatings
was evaluated bv an electrochemical procedure involv-
ing measurement of the corrosion curreni, Ioom. bY ex-
trapolation of the cathodic Tafel slope. The variation in
the Icorr vaiue was plotted as a function of the treatmen:
1emperature. These results are depicted in FIG. 5. As
seen in FIG. 5, the protective ability of the coaimngs
depends primarily on the GPS/Ti{(OC;Hs)s ratio and
the treatment temperature. A low lcor value indicates
good corrosion protecuon.

The Ign-temperature relations for the 80/20 and
60/40 ratio coatings indicate that although microcracks
form on the film surface ai temperatures =300° C., the
Leorr values after ireatment at 400° C. are almost equal to
those for the coatings pretreated at 100° C. This sug-
gests that PTS coating films at 100° C. formed from
in-situ conformation changes a1 400° C. provided corro-
sion protection for aluminum.

TiH(OC;Hs)s - Modified Organosilanes

Coating of the aluminum surfaces using the sol-gel
system was performed in accordance wirh the following
sequence. First, the FPL-eiched aluminum substrate
was immersed in the precursor solution at ambient lem-
perature. The substrate was then withdrawn slowly and
heated for 20 hr a1 a temperaiure of 100° C. to vield a
solid coating. The samples were subsequently heated
for 20 mun at temperatures ranging from 200" to 500° C.

A film-forming precursor solution composed of 30 wt
% of 1he particular organosilane, 20 wt % Ti(QCzH1)a,
30 wt % CH;0H and 20 wt % water was cmploved o
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produce the PTS polymers. The required concenira-
tions of the HC! hydrolysis promoter needed to prepare
clear precursor solutions were dependen upon the spe-
cies of organosilane, and for the TSPDI sysiem was
J0% by weight of total mass of organosilanes and Ti-
(OC2H 5)a

The presence of Si—-=Ti linkages in the PTS can
be readily idemified from the IR absorption peak at
approximately 930 cm=!. The extent of the densifica-
tien of the Si—0—Ti linkages was estimated by com-
paring the absorbencies at approximately 930 cm—! for
the PTS samples derived from the various organosi-
lane-Ti{OC ;Hsly systems. As previously discussed, sam-
ples for the IR analysis were prepared by incorporating
the powdered sampies into KBr pellets. FIG. 6 summar-
izes the resulting variations in absorbance plotred as a
function of treatment temperature. The data indicates
thar the extent of densification of 5i—O—Ti bonds is
dependen: upon the reactive organic functionai groups
attached to the terminal carbon of the methylene chains
within the monomenc organosilane siructures.

An absorption peak at approximately 330 cm—i was
not detected for the 200° C.-treaied GPS- and TSPDI-
TH{OC:Hs)a sysiems. This indicales that a PTS comain-
ing a highly densified Si—0O--Ti bond was not formed
at this temperature. A prominemi IR peak at approxi-
mately 930 cm—¢ was observed for the GPS and
TSPDI-Ti(OC Hs)s systems when the sampies were
heated at 300° C. for 20 min. An absorption peak at
approximately 930 cm—! was observed for the 200" C.
treated APS-Ti(OC;Hs)s system. This indicates that
PTS. containing a highly densified Si—~0—Ti bond.
was formed at these temperatures. This illustrates the
formation of a polymetallicsiloxane coating at a low
temperature {i.e., less than 1000* C.). Bevond this tem-
perature, the absorbance value increased siowly, sug-
gesting that the in-silu conversion of the Ti compound-
incorporaied organosilane polymers imo PTS progres-
sively occurs at temperatures ranging from about 200°
to about 3007 C.

FIG. 7 illustrates the SEM images obtained for coat-
ing film surfaces preheated a1 200° C. Except for the
development of few microcracks, the APS and TSPDI
coatings [FIG. 7(a) and (b)] exhibit excellem surfaces.

The SEM micrographs of these coating systems after
being exposed 10 air for 20 mun ar 300° C. are shown in
FIG. 8. The APS and TSPDI coatings (FIG. 8(a) and
(b)) showed no film damage with the exception of the
appearance of a clear crack line,

Heat damage and distortion of the aluminum sub-
straie was apparent, but after heating for 20 min at 500°
C.. the TSPDI coating was nol damaged [See FIG.
%a)]. Accordingly, PTS coating films denved from the
TiOC:Hs)-TSPDI system appear to have the most
stabie S5i—0O—Ti bonds in the PTS network structure.
This may be due 10 moderate densification of the Si-
--0—Ti bonds in the PTS network structure.

The corrosion protecnive performance of PTS coal-
ings derived from various organosilane-Ti(QC2H )
systems was determined by companng the corrosion
current, {[.or) values determinad from the cathodic
Tafel slopes of the vanous organostiane-Ti(OCH4 )4
svstems. The corrosion tests in Lhis siudy were per
formed on PTS coatngs formed on the FPL .etched
aluminum at 300°, 400°, and 500" C. The resubant
changes in Im for 1hese coaling specimens are sumrma-
rized i Table 3.
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TABLE 3
legrr value (1A} obtained after
_prelreatment al - . .

Coatng svstem 00" C 00" C 500° C. 5 N=—(CHy)y=Si=(0CHy « H™ - € ;
GPS-Ti{OCHs 1 15 5 101 80 x 10—} 0.8 N =/
APS-TWOCHsu RS w l0=2 58 » 10~ 1.2 TSPDI
TSPDI-TIHOC Hea 20 % 10=2 a6 % 10=! 98 » 10—
TSPL-Ti(OC 1 Hela 18« 10=1 49« 10~! 98 x 0!

After treatment at 300° C,, the lowest Iopp value of 10
2.0 10-2 uA was measured on the PTS coatings de-
rived from the TSPDI system. The APS system pro-
duced the next Jowest I value. These values were
approximately two orders of magnitude iess than that

NH + Cl=(CHly—Si=Ch + .!CgH;OHT

N _-J
dihydroimdazoie
dETIvative

for the TS system. The data indicates that the l.pp vals E - e 3
ues for ali of the PTS coatings formed at =300 C. CESCHIR RS s 1150
increased as the film (reatment temperature was raised.
This is probably due to the increased size and number of T
cracks in the films. PTS coatings denved {rom the e
TSPDI system imparted the best corrosion protection, ° CL(CHlas S RO S HE
and at 500" C., the I vaiue was still on the order of a o o =
10-1 g A, | | I 1
i OC;HxY; - Modified (KIJHJA l?H\s (CH2 (CHah
TiOCsHy)e, Z“(OC(";:S’:;::S a;::l: s 3 T3OH + HO=S= — *S—0=Si — 0
The mix compositions for the Ti(OCz;H, )
Zr(OC1Hr) and AOCiH7)h: soi-gel precursor solu- it
tions are listed in Table 4. In order 10 produce a clear subsituted end groups.
precursor sojution it was very impaortani 1o add a ¢hlo- ”

rine containing acid such as HC), The chiorine contain-
ing acid acted as a hydrolysis accelerator and aided in
the formation of a uniform coanng film on the metal
substrate,

{t s believed that the hydroxyl groups denved from the
HCl-catalyzed hvdrolysis of Zr(OCiH7)a and Ti-
(OC:H7)s, react preferentially with the Cl in Cl-sub-
stituted end groups in the silane compound. rather than

TABLE 4
Compasaons of Clear Precursor Solunions Used e Various MIOCH7),* - Modified TSP Svarems.
HCL
TSPU/MOCH-),> TSPOI  ZriQCiH+la,  TwOCiHr AWOC:H+, CHxOH. Waer Wit %/TSPL ~
wi rane we T wt O wt wt 7 wi T¢ wt % MIOC1Hh o 3
[0/0 0 - - - X 20 12
70730 ha) U - - 0 20 0
50,50 oe) 25 — - 0 20 0
/30 ¥ - 15 - 0 20 s
50/50 o — 25 - 10 0 o5
70730 hlad o - (L] 0 20 A0
30s5%0 25 - - p3 k] 0 1)
M Zr: Tyana A
nYaré

50

The substrates were coated by immersing an FPL-
etched aiuminum subsirate into the precursor solution

at ambient temperature. The substrate was then with- 55

drawn from the precursor solution. Next, the substrate
was heat treated at 150" C. for 20 hrs. The 150° C. heat
treatment results in the removal of water and methanol
from the precursor solution coating and produces a

sintered coating. The substrates coated with the Ti- 60

(OC3H7)4 and Zn(OC;3H7}4 sol-gel precursar solutions
were heated for 30 minutes at 350° €, to form polyzir-
comicsiloxane and polytitanosiloxane coatings. The sub-
strates coated with the AI(QOC;H1): sol-gel precursor

solutions were heated for 30 minutes at 200° C. to form 65

a palyalummosiloxane coating,
The HC] catalyzed hydrolysis-polvcondensation re-
action occurred in the following manner:

the silanol groups which are formed by hydrolysis of
the ethoxysilyl groups in the TSPDI. The proposed
reaction mechanism for this is shown below:

ZM=0H + Cl—(CHy)3—Siz=(OHy e

1 i

M M

| |
P9
[(|3H2).i l(!:HIPJ

+Si=0=5=0% + nHCl + nH-0
| |
polymenc organcsiane

with oxygen-bnged Zr ar Ti
Where M = Zror Ti

It is belteved that the reaction of the halide with the
OH in the hydroxyiated metals favors the elimination of
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hydrogen chloride. The formation of Cl-terminated end
groups plays an important role in creating the M-O-C

linkages.
The reaction process for the AI{OC:H7)3;/TSPDI
system 15 differemt than those of the Ti-

(OC 3 H"/TSPDI and TIH{OC:H7u/TSPDI systems. A
polvmenc organoaluminosilane network 15 formed
when the AOC:1HY) 3/TSPDI svsiem is heated to [50°
C. and 1s believed to have the following structure:

f
Al
|
\ 7
N-—(CH:)s—?i—O—
N .—./ CIJ
IR studies were performed on the Ti-

(OC3H7a/TSPDI1 and Zr(OCiH)s/TSPDI samples
after they had been heated for 30 minutes in air at 350°
C. The samples had previously been heated at 150° C.
for 20 hours. The IR analyses were conducted using the
K Br method which incorporates the powder sampies of
Z to 3 mg into KBr pellets of approximately 200 mg.
F1G. 10 illustrates the iR spectra for a) 100% TSPDI,
by TSPDI/Zr(OC3H7)s (in a 50:50 ratwo) and c)
TSPDI/Ti(OC:Hy)s (in a 50:50 ratio} samples heat
treated at 150" C. for 20 hours and 350° C. for 30 min-
utes. The presence of a polymetailicsiloxane is indicated
by an IR peak within the area of about 910 cm—} w0
aboui 960cm— .

The TSFDI/Zc(OC1H7)s system (FIG. 10(4)) had an
IR peak at 350 cm—!. The TSPDIL/Ti(OC3H7) 4 svstem
(FIG. 10(c)) had an IR peak at 930 cm— 1. These peaks
sigmfy the formation of polymetallicsiloxane. at a low
temperature (i.e., |less than 1000° C.), by the process
shown below:

1l M Il lil

I I

P 0 ¢

(CHan (CHIn % 5 0=Sits
Ty :

-f-Sll—O—SIi'};

Where M = Zror Ti

The 350" C. heating results in the elimination of nu-
merous organic groups permitinng the Zr and Ti metal
oxides to act as crosslinking agents which connect the
polysiloxane chains to form polyzirconicsiloxane and
polytitanosiioxane.

Characteristics of PMS (Coating Films Derived From
TSPDI/Ti(OCH7)4. TSPDIL/Zr(OCH )4 and
TSPDI/AIWOC;;H7)3 Precursor Systems

Thin coating films were obtained by diluting 20 g of
the precursor solutions listed in Tabile 4 with 30 g of
deiomized water. The FPL-eiched aluminum substrate
was immersed into the diluted precursor solution. The
substrate was withdrawn from the soluuon and heated
for 20 hours at 150" C. The sintered samples were then
heated at 350° C. for 30 minutes 10 form the pvrolysis
mmduced PMS coatung films. The thickness of the PMS
film deposited on the substrate was determined using a
surface profile measuring system. The average thick-
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ness of the films derived from the precurser solution
consisting of 100/0. 70/30, and 50/50 TSPDI/M-
(OC3H7): or 4 ratios, ranged from approximatelv 0.2 to
approximateiv 0.4 um.

FI1G. 11 iilustrates the polvzirconicsiloxane (PZS)
film derived from the 70/30 TSPDI1/Zr(OC:H7)s. This
PZS film had relauvely few microcracks. The amount
of cracking can be reduced by diluting the sol gel pre-
cursar solution with water. The dilution of the sol gel
precursor solution resuits in the formation of a thinner
polymetallicsiloxane coating.

Ideaily, a PMS coating surface will have a uniform
film free of cracks and pits. These characteristics were
obtserved in the 50/50 TSPDI/TI(QC3H7)a ratio de-
rived poiytitancsiloxane (PTS) film illustrated in F1G.
12a. FIG. 126 illustrates the 70/30 TSPDI/Ti(OC3HY)
sratio derived FTS5 film. The 70,30 ratio film has a few
microcracks. A thinner polymetailicsiloxane coating
may be produced by diluting the 50l gel precurser soiu-
tion with water.

Corrosion protection data for the poiytitanosiioxane
and polyzirconicsiloxane coated substrates were ob-
tained from the polanization curves for PMS coated
FPL ectched aluminum samples upon exposure to an
aerated 9.5M sodium chloride solution at 25° C. To
evaiuate the protective performance of the coatings, the
corrosion potenual (E o} and corrosion current ([cam)
were determined for the polarization curves Egger is
defined as the potential at the tramsiiion point from
cathedic to anodic polanzation curves. Ico values
were measured by extrapolation of the cathodic Tafel
slope. These resuits are summarized in Tabie 5

TABLE 5

Corrosson Potenuial, E oy and Corrosion Current, [ o Values for
PMS-Conted and Uncoated Aluminum Specimens

Coating Systems, legrm
(TSPI/MIOC 1H Y or 3} Erorr® A
Uncoated {(biank} -0 728 1.5

PS (100701 —0.695 1.8

PZS (70/30) —0.625 7.8 = i0-!
PZS (50/50) —0.710 1.5

PTS (7030 —0.589 1.8 x 107!
PTS (5050 —~0.596 16 « 10-"!

As seen, the major effect of these PMS coatings on the
corrosion proteciion of aluminum is to move the Ecom
value to less negauve potentials and to reduce the ca-
thodic current (L.pm).

The samples coated with PTS produced significantly
higher Ecpmrvalues, and significandy lower Lcam values,
than the uncoated sampies. This sirongly suggests that
the PTS coating films will serve to provide good corro-
sion resistance from a sodium chloride solution and wiil
minimize the corrosion rate of the aluminum.

Thus, while there have been described what are the
presently contempiated preferred embodiments of the
present invention. those skiiled in the art wiil realize
that changes and modifications may be made thereto
without departing from the scope of the invention, and
it is intended to claim all such changes and modifica-
tions as fall within the true scope of the invention.

I claim:

1. A coating solution which comprises a monomeric
organoalkoxysilane contaiming an imidazole group. a
metal alkoxide and a chlorine containing acid in an
alcohol/water medium.

2. The solution of ¢laim | wheren the acid is HCL
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3. The solution of claim 1 wherem the alcohol is
selected from the group consisting of methanol, ethanol
and propanol.

4. The solution of claim 1 compnsing 18-35 wt &%
N[3-{tricthoxvsilvl)propyl]-4.5-dihydroimidazole, 9-18
wt % Ti(OC;Hsh, 21-26 wt % methanol. 13-29 wt %
HC! and 14-17 w1 % water.

5. The solution of claim 1 wherein the solution has a
pH of about 7.5.

6. The solution of claim 5 wherein said pH is adjusted
by adding NaOH or KOH.

7. The solution of claim 1 wherein the monomeric
organoalkoxysilane is selected from the group consist-
ing of N[3-(iriethoxysilyl)propyl] imidazoie and NI[3-
(triethoxysilyl)propyl]-4,5-dihydroimidazoie.

8. The solution of claim 1 wherein the metal alkoxide
is of the formula M(OR),, wherein M is a suntable transi-
tion metal: R is CHx C;H<or CiH7and n is 3 or 4.

9. The solution of claim 8 wherein M is selected from
the group consisung of Ti. Zr, Ge or Al

10. The soluuen of claim § wherein the metal alkox-
ide is selected from the group consisting of Ti(OC1Hya,
Zr(OC1Ha, Ti(OC:Hs)s and A{OCHN.

11, The solution of claim 1 wheren the amount of 4

acid 1s sufficient 10 provide a ciear solution.

12. The solution of claim 1 wherein the ratio of mono-
meric organoaikoxysilane to metal alkoxide is in the
range of about 80/20 to about 50/50 by weight.

13. The solution of claim 1 compnising 18-35 wt %
N[3-(tniethoxvsilyl)propyi] imidazole. 9-18 wt % Ti-
(OC;Hx)4, 21-26 wt %% methanoel, 13-29 wt % HC! and
14-17 wt 9 water.

14. A method for preparing a solution for the fabrica-
tion of polymetallicsiloxane coatings which comprises
the step of combining a monomeric organoatkoxysiiane
containing an imidazole group. a metal alkoxide and a
chlonne comaining acid in an alcohol/water medium.
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15. The method of claim 14 wherein the solution has
the following weight percentages of substituents 18-35
wt % N{3-(triethoxysilyl)propyl]4.5-dihydroimidazote.
9-18 wt % Ti{OC;Hs), 21-26 wt 9 methanol. 13-29
wt % HCI and 14-17 wt % water.

16. The method of claim 14 further compnsing add-
ing a pH adjusting agent to the soluuon.

17. The method of claim 16 wherein the pH adjusting
agent is KOH or NaOH.

18. The methed of claim 16 wherein sufficiemt pH
adjusting agent is added to adjust the pH 1o about 7.5

19. The method of claim 14 wherein the monomeric
organoalkoxysilane is selecied from the group consist-
ing of Nfi«{tricthoxysilyl)propyi] imidazole and N{3-
(tnethoxysilyl)propyi]-4,5-dihydroimidazoie.

20. The method of claim 14 wherein the metal alkox-
ide 1s of the formula M{OR),. wherein M is a suitable
transition metal: R is Chi, C:Hsor CiH7and nis 3 or 4.

21. The methed of claim 20 wherein M is selected
from the group consisung of Ti, Zr, Ge and Al

22. The method of claim 14 wherein the aicohol is
selected from the group consisting of methanol. cthanoi
and propanol.

23. The method of claim 14 wheremn the acid s HCL

24. The method of claim 14 wherein the amount of
acid is sufficient o provide a clear solution.

25. The method of claim 14 wherein the ratio of mo-
nomeric organoalkoxysilane 1o metal alkoxide is in the
range of about 80/20 o about 50750 by weight.

26. The method of claim 14 wherein the metal atkox-
ide is selected from the group consisting of Ti(OC H1),
Zr(OC;:H7)a, Ti{OC 1 Hs)s and AI(OC:H.

27. The method of claim 14 wheremn the solution has
the following weight percentages of substituents, 18-35
wt % N[3-(iricthoxvsilyl)propyl] imidazole, 9-18 w1 %
TH{OC:Hs), 21-26 wt P& methanol, 13-29 w1 % HCI
and 14-17 wt % water.

"



