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STATEMENT OF WORK 

Under U.S.  Army Research Office (ARO) sponsorship, on Contract Numbers, 
MIPR-AR0102-89, 103-90, 119-91 and 157-92, Brookhaven National Laboratory 
(BNL) performed research on three copies: 

1) Advanced zinc phosphate conversion coatings, 

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

3) Crystalline polyphenyletheretherketone (PEEK) - based materials. 

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

1.  Advanced Zinc Phosphate Conversion Coatings 

The major phase in the insoluble zinc phosphate (Zn-Ph) conversion 
coatings, which is responsible for improved corrosion protection, was 
identified to be the same Zn3(P04)2" 2H20, as that used as a starting material. 
From the viewpoint of crystal molecular structure, because Zn»Ph layers 
contain a certain 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 to the Zn*Ph surface, high-temperature treatment of 
the topcoats to 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 important, therefore, to gain 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 environment, the cathodic half reaction in terras of the oxygen reduc- 
tion reaction, is H20 + 1/2 02 + 2e" =• 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 
dissolution 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 to the electron trapping reactions, M2+ (M: Co and Ni) + 2e~ = M°, of 
such atoms doped in the zinc oxide lattice.  The M2+ ions favorably trap the 
electrons evolved from the anodic reaction, Zn° - 2e"  > Zn2+, occurring at 
the oxide/solution interface, thereby inhibiting the cathodic reaction. 



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

2.  Synthesis of Pre-Ceraraic Polymetallosiloxane Coating Films 

Ceramic coatings have not yet been widely used on aluminum and magnesium 
alloys, and on other low melting-point metal substrates because of two main 
reasons.  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 vapor 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, MCOR)« (where M is Ti, Zr, Ge, Al, B, La, and 
Sn, R is CH3, C2H5, C3H7 or C4H9), as a means of enhancing the network connec- 
tivity and, hence, the extent of three-dimensional crosslinking of polymeric 
organosilanes synthesized using sol-gel techniques in terms of hydrolysis- 
polycondensation processes, was investigated previously (11, 12].  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)4 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 220°C. 

An inorganic polysilane formed by a sol-gel polycondensation process 
involving tetraethylorthosilicate, SL(OC2H5)AJ is presently used as a binder 
in inorganic zinc-rich primers, which act to inhibit the corrosion of 
metals [14].  The major characteristics of these cured inorganic zinc 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. 

On the basis of the above information, our attention was focused on the 
characteristics of polymeric materials synthesized through hydrolysis-conden- 
sation reactions of M(0R)4-incorporated organosilane monomeric mixtures over 
the temperature range 100-500°C.  Wnen 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 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 MCOR)^ 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)4 to 
organosilane monomer ratios.  In this study, the 3-glycidoxypropyltrimethoxy- 
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*0.  The ability of the coatings formed at tempera- 
tures ranging from 100"C to 500*0 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(OC3H7)3, and Zr (0C3H7)4.  In addition, the 
fabrication of thin films (thickness <lfim),   which may form microcrack-free 
coatings, because of lower rates of volatility 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.  Crystalline Polyphenyletheretherketone (PEEK) - Based Materials 

The melt crystallized polyaryl polymers, such as polyphenylenesulphide 

(PPS),-£</"VSA. , polyphenyletheretherketone (PEEK) ,-#^>-C-/^O^"^"0"^ 

and polyphenyle therke tone (PEK) , *T*\  /  ~\__/* ^"7n  , have common chemical 
features consisting of aromatic backbone 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. 

Our 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 N2 environments were also 
explored. 



SUMMARY OF RESULTS 

1.  Advanced Zinc Phosphate Conversion Coatings 

Advanced Zn»Ph conversion coatings can be prepared by immersing steel in 
Co2+ and Ni2+ ion-incorporated p(AA)-zinc phosphate solution systems.  The 
formation of M2+ (M: Co and Ni)-p(AA) salt complexes containing -COO" M2+ "00C- 
groups played an important role in accelerating and promoting the growth and 
development of Zn«Ph crystal layers over the steel, and also introduced 
amorphous Fe-rich phosphate conversion layers in the vicinity of Fe203 sub- 
strates.  The electron trapping behavior of the M2+ 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, [Zn3(P0<,)a»2H20] as the major 
component and hopeite, [Zn3(P04)2'4H20 ] as the minor one.  The uniform coverage 
of Zn3(PO*,)2*2H20-hopeite interlocked crystals over the steel may reduce the 
rate of corrosion. 

In thermal dehydration processes at 340"C, a hopeite -*■  7-Zn3(P04)2 phase 
transition occurs.  In contrast, the Zn3(P04)z»2H20 was preferentially 
converted into the a-Zn3(P04)2 phase which has a alkali dissolution rate 
considerably lower than that of the 7-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 350aC between 
the Fe203 at the outermost surfaces of the steel and the PPS in air led to the 
formation of FeS04 at the critical interfacial zones.  Although the intermedi- 
ate FeS04 layers, as interfacial reaction products, play an important role in 
developing bond strength at the PPS/steel joint, the alkali-catalyzed hydroly- 
sis of FeS04 caused by the cathodic reaction, H20 + l/20z + 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 steel 
surfaces.  Before applying the PPS, the Zn3(P04)2o2H20 as a major phase, of the 
Zn^Ph layers was converted into an a-Zn3(P0<,)3 phase by thermal dehydration at 
350oC.  This thermal treatment also promoted the transformation of the 
poly(acid) structure within the p(AA) into the poly(acid)anhydride, and the 
oxidation of free Fe atoms dissociated from the steel surfaces during the 
precipitation of the crystalline Zn»Ph coating.  We found that S02 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 S02 and the oxidized Fe 
compound at 350°C caused the formation of a FeS reaction product.  In 
addition, the two different interactions were recognized: one was the polymer- 
to-polymer reaction between the PPS and the poly(acid)anhydride existing at 
the outer surface of the Zn»Ph layers; the other was the mechanical 
interlocking associated 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, 
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contributing to the development of adhesion force at the PPS/Zn»Ph interfaces, 

were essentially 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/Zn»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 PPS/steel system. 

Based upon this information, additional work to continue its development 
is needed.  Topics requiring additional 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 
Zn«Ph. 

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-(triethoxysilyl) propyl]-4,5-dihydroimidazole (TSPI) 
and M(OC3H7)n (M: Zr, Ti and Al, n: 3 or 4) as a film-forming reagent, HCl as 

a hydrolysis catalyst, and CH3OH and water as a liquor medium.  During this 
study of corrosion-protective thin films for low melting point 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 (25°C) -* sintering (150°C) -» annealing (350°C) pro- 
cesses: 

1) During the sol-film forming stage, adding HCl to the mixtures of TSPI 

and M(OC3H7)n induces the formation 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 to 2), the Al hydroxide, derived from Al(OC3H7)3 in which 
the trivalent ion is the principal oxidation state, preferentially 

reacts with hydroxylated organosilane to form the Al-O-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. 



4) 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 350°C. 

5) Although a certain amount of crystalline anatase particles were 
present in the amorphous polytitanosiloxane (PTS) coatings, the mod- 
erate crosslinking effects of Ti oxides and the densification of the 
M-O-Si linkage provided the most effective coating film in this 
s tudy. 

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 microstrueture of the film can be altered by 
varying the«rate of polymerization of sol particles; namely, the extent of 
growth of the polymeric sol in an aqueous medium depended primarily on the pH 
of the precursor solution.  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 
incorporating base-type catalysts.  Xerogel 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 (TSPI), 
M(OR)n, methanol, and water, over a broad pH range of 1.0 to 13.0. 

3.  Crystalline Polvphenyletheretherketone (PEEK)-Based Materials 

When melt crystallized polyphenyletheretherketone (PEEK) thermoplastic 
polymer was used as a high-temperature performance cementitious material, the 
degree of crystallinity 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 N2 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 Si02 sand 
surfaces in N2 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 Si02.  No spherulitic 
growths were found at the PEEK-Si02 interfaces prepared in air. As a result 
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% H2S04 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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ABSTRACT 

In attempting to develop anhydrous zinc phosphate (Zn-Ph) conversion coatings 
suitable for use wrth a high-temperature performance polyphenylene sulfide (PPS) topcoat, 
the characteristics of ZnPh deposited by immersing the steel in transition Co, Ni, and Mn 
cation-incorporated ph03phating solutions were investigated. Two important features forth© 
anhydrous 340°C-heated Zn-Ph were addressed. One was to determine if the electron 
trapping behavior of Co + and Ni * ions adsorbed in t!n& crystal lattices acts to inhibit the 
cathodic reaction on the Zn-Ph, and the second was to determine the less susceptibility of 
the a-Zn3(P04)2 phase to alkali-induced dissolution. The former affects the lifetime of the 
ZnPh layer as a barrier to corrosion of steel, and the latter reflects on the reduction of 
cathodic delaminatton rate of the PP5 film from the a phase-steel substrate. 

INTRODUCTION 

Interfacial deiamination will occur when organic topcoating systems, such as 
polyimide, polyphenylene sulfide, and polyquinoxaiines, 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 polymer film, 
separation is brought about by the dehydration of hydrous Zn-Ph crystals. On the 
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assumption that such a failure may occur at the polymer-Zn-Ph interface, our 
previous work (1) focused on the effects of anhydrous Zn»Ph phases induced 
through a preheating-dehydration treatment, before depositing the topcoats. The 
phase transition versus temperature kinetics for the thermal dehydration of zinc 
orthophosphate dihydrate (Zn3(P04)2-2H20) processes are as follows: 

3<XTC                                                           400°C 
Zn3(P04)2'2H20 > *-Zn3(P04)2 > y-Zn3(P04)2 —> 

500*C 
a-Zn3(P04)2 and y-Zn3(P04)2 > y-Zn3(P04)2 > a-Zn3(P04)2 

During the corrosion of iron and steel in a near neutrai aqueous environment. 
the cathodic half reaction in terms of the oxygen reduction reaction, is H,0 ■+• % 02 

+ 2e' = 2 OH". A shortcoming of Zn-Ph coatings as a barrier to the corrosion oi 
steel is that the hydroxyl ions generated by this cathodic reaction (2) induce 
dissolution of the coating layers. A lower susceptibility of Zn-Ph to alkali dissolution 
also minimizes cathodic delämination rates for polymeric topcoat Sims. 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 0.1M NaOH solution. The 
magnitude of susceptibility of hydrated and unhydrated Zn-Ph Dhases to aikaii- 
induced dissolution was  in  the order of Zn3(P64)2«2H20   > y-£n3(P04)2  >  a- 
Zn3(P04)2. However, the formed y-Zn3(P04)2 phase was found to afford poor 
protection because of the formation of numerous microcracks on the crystal faces 
caused by the a > y-phase transition at 500°C. 

Our experimental work was directed towards developing advanced anhydrous 
Zn-Ph conversion coatings which inhibit oxygen reduction reactions and minimize 
alkali dissolution. Particular attention was given to the characteristics of Zn»Ph 
modified with ionic and/or elemental cobalt and nickel atoms. These elements are 
well-known inhibitors of the cathodic reaction of electrogalvanized steel (3-6). The 
mechanism of this inhibition of corrosion was described by Leidheiser (7) as being 
due to the electron trapping reactions, M** (M: Co and Ni) ■+• 2e" = M°, of such 
atoms doped in the zinc oxide lattice. The Mz+ ions favorably trap the electrons 
evolved  from  the  anodic reaction,  Zn* -  2e"  >  Zn:*, occurring at  the 
oxide/solution interface, thereby inhibiting the cathodic reaction. The samples 
employed in these studies were prepared by dipping galvanized 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 crystals were growing 
on the steel surface. Hence, the samples were made by immersing the steel into the 
zinc phosphating solution containing Co and Ni ions at 30°C For comparison with 
these atoms, two other elements, manganese and calcium, were evaluated. 

Cathodic delämination studies of high temperature-cured polyphenylene suifide 
(PPS) - coated anhydrous Zn-Ph specimens were also performed to delineate the 
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roie of the phase composition of anhydrous Zn-Ph in reducing the delamination 
rates of PPS topcoat from the Zn-Ph. 

EXPERIMENTAL 

Materials 

The metal substrate used was AIS I 1010 cold-rolled steel supplied by the 
Denman and Davis Co. The steel contained 0.08-0.13 wt% C, 0.30-0.60 wr% Mn, 0.04 
wt% P, and 0.05 wt% S. The unmodified zinc phosphating liquid used consisted of 
1.3 wt9& zinc orthophosphate dihydrate (Zn3(PO)2»2H20), 2.7 wt% H3PO„ and 96.0 
wt% water. In the modification of this standard formulation, four metal nitrate 
hydrates, Co(N03)2-6H20, Ni(N03)2-6H20, Mn(N03)24HX>, and Ca(N03)24H,0, 
supplied by Aidrich 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 completely dissolved. 

Polyphenylene 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 288*C The PPS polymer film was deposited on the dehydrated 
Zn-Ph surfaces in the following way. First, the Zn-Ph-coated steel was dipped into 
a PPS slurry consisting of 45 wt% PPS and 55 wt% isopropyi alcohol at 2i°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 oil 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 scanning electron micros- 
copy (SEM) having an energy-dispersion X-rayspectrometry (ED>T) 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  325   mesh   (0.044  mm)   for 
thermogravimetric analysis (TGA), infrared (IR) spectroscopy, and x-ray powder 
diffraction (XRD). 

X-ray photoelectron spectroscopy (XPS) was used to identify the chemical states 
and elemental compositions at the outermost surface site of ionic and/or elemental 
metals-incorporated Zn-Ph layers. The spectrometer was a V.G. Scientific ESCA 3 
MK II using Ka X-rays. The vacuum in the analyzer chamber of the instrument was 
maintained at l0'v 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 tests were conducted in the aerated 0.5M 
NaCl solution at 25'C, and the exposed surface area of the specimens was 1.0 cm2. 
The cathodic and anodic polarization curves were determined at a scan rate cf 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 1 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.l shows SEM micrographs for crystalline Zn-Ph micros tructu re 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 L 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 L A standard Zn*Ph coating (see 
Fig. 1-a) made with an unmodified solution is characterized by micros tructu re 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.l-b) packed, plate-like crystals of 
a size >-30 pm. The EDX data (see Table 1) for the Co-Zn-Ph system indicated an 
Fe-to-Zn ratio of 0.42, which was markedly lower than that of the control. In con- 
trast, the P-to-Zn ratios were similar. Since Fe can only originate from the steel 
substrate, it is possible that the presence of Co atoms at the beginning of crystal 
growth controls the release 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 crystals 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 0.15 was detected for the Mn system-derived coating 
(Table I), 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. Although the data are not presented in anv of the 
figures, the SEM morphology for the Ca-containing conversion coating was quite 



CHARACTERISTICS OF ANHYDROUS ZINC PHOSPHATE COATINGS 231 

similar to that for the control. However,no indication of Ca was found in EDX 
spectrum. 

Figure 1.      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 (Zn3(P04)24H20) (9), and zinc orthophosphate dihydrate 
(Zn3(P04)2-2H>0) (10). There was no evidence for the presence of the transition 
metal-related oxide, hydroxide, or phosphate compounds. The relative proportions 
of the Zn3(P04)24H20 to Zn3(PO„)2*2H20 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 ionic and elemental 
metals, 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 1 
The thickness and EDX Quantitative. Analysis 

for Unmodified and Modified 
Zn*Ph Conversion Coating Surfaces 

Thickness, Intensity Count Ratio, 
System        ^m P/Zn Fe/Zn Co/Zn   Ni/Zn   Mn/Zn Ca/Zn 

0.08 

0.03 

0.15 

presence of two thermal decomposition stages; the first occurs at a temperature 
between -150" and -180*C, and the second in the range from -330° to -34CTC 
The first decomposition stage is possibly associated with liberation of water 
chemisorbed to the crystal faces, and the latter may be due to the removal of 

Zn-Ph 12.5 0.82 0.56 

Co-Zn-Ph 17.5 0.84 0.42 

Ni-Zn-Ph 21.8 0.87 0.40 

Mn-Zn-Ph 12.5 0.93 0.30 

Ca-Zn-Ph 17.5 0.81 1.21 
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crystallized water. Above 340°Cf the curves level off, implying that the conversion 
from hvdration to dehydration phases was essentially completed. At 340°C, the total 
weight loss for the control Zn-Ph was 9.1%; the Ca system-induced Zn-Ph exhibited 
a similar value. Somewhat higher weight losses (-11.3%) were measured for the 
other Zn-Ph 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?0, for water is higher than that of the dihydrate-based Zn>Ph phase. 
Thus, the major factors affecting the weight loss at temperatures up to 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. 

100 200 300 40O 

Temperature. °C 

500 600 

Figure 2.     TGA curves of conversion coatings derived from the unmodified 
( . . )t and Co ( ), Ni ( -), Mn (  
and Ca ( )- modified phosphating solutions. 

Therefore, it is reasonable to assume that such dehydration of Zn-Ph beneath 
high-temperature PPS topcoat systems may lead to 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 systems-induced hopeite conversion 
coatings on the magnitude of disbandment might be greater than that of 
Zn3(P04)2'2H:0 coatings derived from the Ca-modified and unmodified phosphating 
solutions. Assuming that this concept is correct, interfaciai disbandment can be 
avoided by converting the hydrated conversion coatings into thermally stable 
anhydrous phases before depositing the PPS polymers. 
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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 essentially of two anhydrous Zn-Ph components, a- 

TABLE2 
XRD Phase Compositions and Transformations 

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

Svstem 
Phases present at 80°C 
Major Minor 

Phases present at 340°C 
Major Minor 

Zn-Ph Zn3(P04)2-2H20       Zn3(P04)2-»H20 a-and y-Zn3(P04)2 

Co-Zn^h Zn3(PO„)24H,0 - /-Zn3(P04)2 <*-Zn3(P04), 

Ni-Zn-Ph Zn3(P04)24H20 - «-Zn3(P04)2 j>-Zn3(PO«)2 

Mn-Zn-Ph Zn3(P04)24H20 - y-Zn3(P04)2 a-Zn3(P04)2 

Ca-Zn-Ph Zn3(P04)24H20 - a-and y-Zn3(P04)2 
and Zn3(PO4)2-2H20 

phase and y-phase - Zn3(P04)2. No evidence was found for the presence of crystalline 
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- Zji-Ph systems was the y-phase, suggesting that the 
transformations to a- andy-phases are related to the original phases formed at 80°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. 

Corrosion Protection 

To determine if metal atoms incorporated into anhydrous Zn-Ph layers inhibit 
cathodic reactions, we focused upon the chemical states of 340°C-oxidized transition 
metal species incorporated into anhydrous crystal lattices, and the chemical trans- 
formation and conversion of the oxidized metal compounds after exposure to 0.1 M 
NaOH. XPS was used to obtain the information. XPS high-resolution spectra for the 
Co:pj/2» Ni^jrt, and Mn,+lß 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 eV which corresponds to the Co in the CoO (11,12) formed by the oxidation 
of the Co atom during dehydration of Zn-Ph upon heating in air at 340°C. The 
peak emerging at 856./ eV for the Ni sample reveals the presence of nickel oxide 
(NiO) (13,14). The formation of pyrolusite (MnO:) at the surface of the oxidized Mn 
sample can be recognized by the main signal at 642.5 eV in the Mn2pJ/2 region (14). 
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Figure 3.      XPS high-resolution spectra in Co2p3/2, Ni2p3/2, 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 rinding implies 
that Co and Ni atoms precipitate on the outermost surface sites of the Zn-Ph [avers, 
but do not diffuse into the layers. Therefore, NaOH-induced dissolution of the 
coating surfaces completely eliminates these atoms. In contrast, the spectrum 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 hydroxides (MnO(OH) and Mn(OH)3) induced by alkali- 
catalyzed hydrolysis of MnO: (15), 

Fig.4 shows typical cathodic polarization curves of log current density versus 
potential for the metal oxides-adsorbed and unabsorbed Zn-Ph anhydride samples 
in 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 -1.1 and -0.9 V was significantly less. The next 
lowest current density for the same potential region was obtained from coatings 
containing Ni oxides in the crystal lattices. In contrast, MnO: existing on the Zn-Ph 
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4.     Comparisons   of  cathodic   polarization   curves   for   340°C-treated 
unmodified  ( ), and Co ( ), Ni( ), 
Mn( ), and Ca ( ) - modified Zn-Ph coatings. 

surface seems to play no role 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, H20 + % 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 Zn3(P04)2 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 O.iM NaOH 
for up to 4S 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-Zn3(P04)2 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 to the rates of cathodic delamination of PPS 
topcoat films from the Zn -Ph-deposited steels. The cathodic delamination tests for 
the PPS-coated Zn-Ph specimens were conducted in an air-covered 0.5M NaCl solu- 
tion using an applied potential of -1.5 Volts vs SCE for 3 days. A I mm defect was 
made using a drill bit. 

These test results are reported in Table 4. As expected, the PPS-to-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 /-Zn3(P04)2 phase. In comparison, 
a markedly less PPS-delamination was observed with the Ni-, and Ca-Zn-Ph. and 
control conversion coatings containing <2-Zn3(P04)2 as the major phase. For instance, 
the deiaminated area of PPS film from the unmodified Zn-Ph was only 0.03 mm2, 
compared with 2.54 mm2 for the PPS-to-y phase joint systems. 

TABLE 3 
Effect of Anhydrous Crystal Phase on the 

Decrease in Weieht Loss of Zn-Ph Caused by 
NaOH-lnduced Dissolution 

Phase Weight Loss, % 
System               Major                Minor 1 hr 5 hr 24 hr 48 hr 

Zn-Ph          a-and/-                   - 0.O6O 0.164 0.206 0.221 
Zn3(P04)2 

Co-Zn-Ph    y-Zn3(PO,)2 a-Zn3(P04)2 0.066 0.189 0.234 0.257 

Ni-Zn-Ph     a-Zn3(P04)2 y-Zn3(P04)2 0.061 0.152 0.175 0.197 

Mn-Zn-Ph   y-Zn3(P04)2 a-Zn3(P04)2 0.066 0.187 0.233 0.255 

Ca-Zn-Ph    a- and y-                   - 0.060 0.160 0.200 0.217 
Zn3(P04)2 

TABLE 4 
Comparison Between the Cathodically Deiaminated Areas of 

PPS/Unmodified Zn-Ph and/Modified Zn-Ph Interfaces 
After Exposure to 0.5M NaCl Solution for 3 Days 

System Deiaminated 
PPS Area, mm2 

Zn-Ph 0.03 

Co-Zn-Ph 2.54 

Ni-Zn-Ph 0.13 

Mn-Zn-Ph 2.54 

Ca-Zn4?h 0.03 
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CONCLUSIONS 

We investigated characteristics of dehydrated Zn-Ph crystal conversion coatings 
suitable for the application of high-temperature performance PPS polymer topcoats. 
The results led us to the following conclusions. 

1. 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 (Zn3(P04)24H20) on the steel's surface at 80*C 

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

3. Referring to 1), the addition of Ca nitrate hydrate resulted in the presence of 
mix phases of both zinc orthophosphate dihydrate (Zn3(P04)2'2H20) 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 -» j>-Zn3(PO<)2 phase 
transition predominates in all but the Ni- incorporated hopeite. In contrast, the 
Zn3(P04)2-2H20 was preferentially converted into the a-Zn3(P04)2 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 CoO, NiO, and Mn02. 

6. The electron trapping behavior of Co2+ and Ni2+ ions 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 steels. 

7. The degree of alkali dissolution of the cr-Zn3(P04)2 phase was considerably lower 
than that of the /-phase. This difference reflected directly on the minimized 
cathodic delamination rate of PPS film from the tz-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.  SUGAMA, 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 a-Zn3(P04)2 phase converted by the dehydration of hydrous zinc phosphate, 
Zn3(P04)2-2H20, 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 i-*'{ phase transition 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 Laboratory 
(BNU indicated that crystalline conversion coatings 
deposited on steel surfaces through a dissolution-re- 
crystallization process of the original zinc ortho- 
phosphate dihydrate [Zn_,(P04),-2H,0], not only 
enhance the corrosion protection of steel, but also 
significantly improve the adherence properties to 
organic lopcoalings [I. 2]. The major phase in the 
insoluble conversion coalings, which is responsible lor 
these improvements, was identified lo be the same 
Zn,(POJ),-2H,(). (Zn-Ph) as ihm used as a convert- 
ible material. 

Krom the viewpoint of crystal molecular structure, 
.since Zn'Ph layers contain a certain amount of crys- 
tallized water, it should be considered thai when 
thermal barrier organic topcoat systems such as poly- 
imide [3], polybenzimidazoles [4], polyquinoxalines 
[5], and polyphenylene sulphide [6], are applied di- 
rectly to the Zn-Ph surface, high-temperature treat- 
ment of the topcoats lo form solid polymer lilms will 
lead to mterlacial dishondment and separation 
brought about by the dehydration of the Zir Ph. This 
'ailure is associated with the forma lion of weak 
boundary layers, resulting in poor corrosion pro- 
tection. It is very important, therefore, to gain funda- 
mental knowledge regarding the thermal degradation 
and behaviour of Zn-Ph, prior lo studying the inier- 
iacial chemical nature bei ween the high-tempera tu re 
performance polymers and the crystalline /n-Pll. As 
already reported by Kojiina. ci ui. | ~> |. the phase 
transition of hopeite. Zn ,( P( )x). -4! I ,(). with in- 
creased temperature in nitrogen »as. occurs through 
the following processes 

ZnjPO.j.-411,0 

-/-Zn,iPOa}, 

•/n,(PO,i.-2ll:0 

|!-Zn,ll'0. '.7-/11.11*04) 

These authors also indicated that a similar phase 
transition was observed in hot air. 

The aim of the present study was, therefore, to 
determine the correlation between the phase trans- 
ition or conformation of the Zn,(P04.)2-2H:0 phase, 
as a function of temperature, and to understand how 
the thermally transformed phases protect steel from 
corrosion. In order to obtain this information, Zn" Phs 
precipitated on steel were exposed to air at temper- 
atures up to 500'C. Electrochemical testing of the 
converted phases was (hen conducted to provide data 
on the corrosion protection. Since cathodic delamina- 
(ion occurring at polymer-conversion coating inter- 
faces is due mainly to alkaline dissolution of the 
phosphale coaling [X], the extent of dissolution was 
also investigated. This was accomplished after soaking 
the different crystal phases in a I). I u NaOH solution 
at 25 C. 

2.   Experimental procedure 
2.1.  Materials 
The metal substrate used was a high strength eold- 
rolled sheet si eel supplied by the Bet hie ho in Steei 
Corporation. The steel contained 0.06wi"nC\ 
0.6 wt % M n. 0.6 wt ".. Si. and 0.07 wt ",. P. The formu- 
lation lor the /.inc phosphating liquid used in this 
study consisted ol l..>wt'\. /.111c orihopho.spalc 
dihydrate. 2.6 wi ".1 II ,P04. and Wvl wt " „ um er. 

I'lie /.n-Ph conversion coalings were prepared 111 
accordance with the following sequence. \s the lirsi 
step in die preparation, the steel surface was wiped 
with acetone-soaked (issues lo re 1 tune >un surface 
contaiuniation due to null oil. flic steel wa> then 
immersed for up lo 20 min in the conversion solution 
described above at a temperature o( SO (.'. After 
immersion, the surface was rinsed with water, and 
then dried in an oven at 60 (' for W min. 
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2.2.  Measurements 
In order to study the phase transition and conversion 
of Zn-Ph coatings as a function of temperature up to 
500 C in air. the Zn-Ph crystal layers deposited on 
the sieei surfaces were removed by scraping. They 
were then ground to a size or 325 mesh i().()44mmi for 
use in analyses performed using the combined tech- 
niques of thermogravimetric analysis |TGA| coupled 
with differential thermal analysis iDTAi. infrared llRl 
spectroscopy. and X-ray powder diffraction iXRD). 

The electrochemical testing for data on eorrosion 
was performed with an EG & C Princeton Applied 
Research Model 362-1 Corrosion Measurement Sys- 
tem. 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 a EG & G Model K47 electrochemical 
cell. The tests were conducted in the aerated 
0.5 \i NaCI solution at 25 C. and the exposed surface 
area of the specimens was 1.0 cm-. The calhodic and 
anodic polarization curves were determined at a >ean 
rale of 0.5 rnV'scc ' in the corrosion potential range 
of  - 1.2 to 0.3 V. 

Alterations to the surface micro topography images 
and the changes in surface chemical components of iho 
heat-treated Zn* Ph coatings before and after exposure 
to a 0.1 M NaOH solution for I hr. were explored 
using AMR 10 nm scanning electron microscopy 
(SEMI associated with TN-20(H) energy-dispersion 
X-ray speet rometry (EDX). 

3.   Results and discussion 

Fig. 1 shows typical TGA   DTA curves Tora powdered 
Zn* Ph sample aller drying at 60  (." for 24 h. The curve 

indicates that heating to 170 C results in a weight loss 
of approximately 4%. Bused upon the broad endo- 
thermic peak on the DTA curve at the same temper- 
ature, the weight loss is likely to be due to the removal 
of evaporuble water such as free water and water 
adsorbed on the crystal. The curve also illustrates :i 
manifestation of the kinetics ol the elimination oi'non- 
evaporable water upon heating the Zn-Ph com- 
pounds. The reduction in weight ol approximated 
8% which occurs over the temperature range 1"0 to 
350 C is probably associated with the liberation of 
crystallized water existing in the Zn-Ph compounds, 
and this loss appears to be related directly to the 
prominent DTA endothermal peak at 345 C. Beyond 
approximately 400 C. the weight loss curve seems to 
level off. thereby suggesting that the conversion of the 
hydrous Zn-Ph compound into an anhydrous one is 
completed at approximately that temperature. 

In addition to the TGA DTA studies. IR and XRD 
analyses were also performed, and these data are 
shown in Figs 2 and 3. respectively. An estimate of tue 
rate of liberation of crystallized water from the Zrr Pii 
compounds as a function of temperature, was made by 
plotting the variations in IR absorbance wiih temper- 
ature at a frequency of 1610 cm"1 which reveals the 
H-0 -H bending vibration of water of crystallization 
(see Fig. 2). As is evident from the absorbance against 
temperature curve, the absorbance decreased rapidly 
upon healing to 300 C and beyond this temperature, 
levelled off. This suggests that to a large extent, the 
dehydration of Zn-Ph occurs in air at temperatures 
less than 300 C. In fact, the XRD pattern (see Fig. 3 
300 C) for ihe diffraction range 0.256 to 0.371 nm. 
clearly indicates the formation of anhydrous 
a-Zn»|POa):   as   the   major   phase   and   anhydrous 
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y-Znj(PO^), as a minor phase. All of XRD lines for 
samples treated at temperature < 200 C are associ- 
ated with the original Zi^PO^'ZH^O phase. This 
implies that the conversion into the anhydrous phases 
occurs at a temperature ranging from 200 to 300 C. 

0.30 

0.20:- 

0 10 

100 200 
Temperature 

300 
°C) 

F;\!iin- . Changes in IR ub-sorbünce of H-O-H at 1610 cm ' ;is a 
function of lemperaiurc for iinc phosphate coatings deposited on 
steel surfaces. 

As indicated by the presence of a weak diffraction line 
at 0.293 nm which ascribes to the hydrous Zn*Ph 
compounds, the hydrous ~»anhydrous conversion 
was not. however, complete at 300 :C. This line disap- 
peared when the sample was oven-heated at 400 C for 
1 h. At 500 C the tracing indicates the growth of line 
intensities at 0.279 and 0.343 nm. and weak peaks at 
0.307. 0.315. and 0.360 nm. Since the former two in- 
tense lines represent the presence of a relatively large 
amount of - Znj(P04)2. it appears that heat treat- 
ment at 500 C promotes a —» y phase transition pro- 
cesses. Based upon the above information, a summary 
of the phase transition of Zn3(PO.J2-2H3Oat temper- 
atures up to 500 C is given in Table I. The resulting 
phase transitions are quite different from those ob- 
tained during an earlier study by Kojima [7] of the 
thermal deterioration of hopeite. 7.ni\POA)l'4H20. 
While the former undergoes the following conversion 
processes at relatively low temperatures, up to 500 C: 
Zn3(P04):-2H,0 --x-Zn.,lPOj2 — y-ZhA(P04)2. and 
the i phase derived from hopeite is transformed to the 
ß phase rather than the y phase. 

Electrochemical corrosion tests were performed to 
investigate how (he various conversion phases affect 
the ability of the crystal coatings to protect the steel 
from corrosion. This protective ability was estimated 
by making comparisons between the corrosion poten- 
tial. £corr. values obtained from the potential axis at 
the transition point from the cathodic to anodic sites 
on the electrochemical polarization curves. As sum- 
marized in Table L no appreciable changes in the Evart 

0.293 nm a320 nm 

500   C 

l-initn-.t \RI) p:i (terns oIKHI . JUKI ..UK» .4<X) .uul 5UÜ (' 
Ircaicd Zii-I'h Livers: /n ,[1*0.,). 1UA) I •). t-/.n .(POj). 
(    ) and y-/n ,[!*()j.i. ( ' I. 
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TAB LE I   Phase changes in conversion coming with /■.\.|lfI 

Tempe au lire Phii« t J 

i t'l 
Major Minor 

11KI Zn,iPO.i.-:H.O - 0.571 

Hit) ZM ,i(><)., i.-:H.() - i).57^ 

Um JL-Zn ,L P< JJ I - y-ZnaPO.i. - n.5'2 
40(1 v- and .-ZnuPOo- - O.WK) 
5i. X) .-ZtUlPOj; v-ZnaPO.,]. - n.fö" 

hi aerated 0.5 \i NaC'l >oliilioil. 

values tor samples treated at temperatures up to 
300 C were observed. A shift in £C(Vrr to a more 
negative site occurred when the samples were baked at 
400 C. thereby indicating that the hybrid layers of 
7-Zna;P04): and y-Znl(P04}: have less corrosion 
resistance. A further increase in the treatment temper- 
ature to 500 C resulted in a signilicant reduction in 
/\\llfr. Thus, it was found that the corrosion-protective 
ability of the ZirPh layers is dependent upon the 
extent o( the conversion from the n phase to the 
V phase, hut independent o\ the dehydration and 
elimination of crystallized water in the Zn'Ph layers 
which occurs at a temperature of approximately 
300 C in air. The possible reason for the poor pro- 
tective behaviour of the Zn* Ph layers containing the y 
phase is the increased porosity of the crystal layers. 
This can be seen in the SEM images shown in Fig. 4. 
Namely, the SEM micrograph at the bottom of the 
figure which is of a 500 C-treated sample surface 
indicates the presence of numerous mierocracks on 
the crystal faces. Fig. 4 also gives the results of ele- 
mental intensity count ratios for iron or phosphorus 
to zinc atoms obtained by P.DX quantitative analyses. 
These results show thai the P Zn ratio decreases with 
increased temperature and that no signilicant changes 
occur in the Fc Zn ratio at temperatures up to 500 ('. 
This implies [hat some of the phosphorus atoms are 
dim ma ted as a result of heating in air. 

Fig. 5 shows SEM micrographs and accompanying 
FDX elemental analyses for the heat-treated samples 
after exposure to a l). I vi NaOH solution for I h. From 
the viewpoint of surface topographies, the SEM image 
for the exposed 100 (.'-samples reveals a random 
distribution of roundish microcrystals. The alteration 
to a roundish shape from the original angular shape 
appears to be due to dissolution o\ the crystal caused 
by the attack of the NaOH solution. In connection 
with this, the FOX P Z.n ratio was reduced signilie- 
anlly from that of the corresponding imexposed 
sample (sec 1'ig. 4 100 (.'). It is clear that a large 
amount of phosphate was removed hy the alkaline 
dissolution nl the /n - Ph crystals. In contrast, ihe 
lc  / \\ ratio changed very linlc. 

[lie extern o\ the alkaline dissolution of the / \\ • Ph 
can be estimated from ihe amount ol reduction in the 
P /n ratios as determined hv comparisons o\' the 
! 1)X quaiiinative data for samples before and after 
exposure. Al ten la in was. therefore, given to the 
changes in the P /n ratio of ihe samples as a function 
of temperature. The resulting l-.DX data indicate thai 

I'ivwc -/ Sf.M photograph* la) UMl .ih 
/.if Ph surfaces. 

>IH)  aiul tci M)0 (.' iif.ui.'i! 

1'"leinen l Heioii: CM1''Miiv nucti>ii\  laiio /n 

/MIL 

Pllli-.|l|u>l'M« 

the I' /u ratios for the exposed samples were lower 
than for unexposed ones. .\\Ki the magnitude depends 
primarily on the treatment temperature: namely, the 
reduction    rate   conspicuously   decreases   with    an 
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l-iyurv * ST.M images ;nnl FXD<l;u;i lor iln-rmiilk II'L'UII'II /n-I'll 

Mirt';acs   .liter   cKpusurc   \o   11.1 \i N;it)M    I'm    I hr.   I.D    HXi <". 

-\ It u r exposure to NiaOM im ensile r;ilu> /n 

KMI   (' 'DO   ( ^(Hl   ( 

alkaline dissolution. Thus, the magnitude of alkaline dis- 
solution for the Zn• Ph compounds seems to be in 
the   order   of   Zn.1lPÜ4), • 2H:0 > s-Zn.,|P04); > 

■/-2n1(P04),. 
Polarization curves for 100. 300 and 500 C treated 

samples after exposure to a 0.1 \i NaOH solution for 

1 h are given in Fig. 6. The shape of (he eur\es 
represents the transition from cathodic polarization at 
the onset o( the most negative potential in the anodic 
polarization curves at the end of the lower negative 
potential. The potential axis at the transition point 
from cathodic to anodic curves is normalized as the 
corrosion potential. t\.„„. These polarization behavi- 
ours were determined in an aerated 0.5 M NaCI 
solution at 25 C. Comparisons of the cathodic polar- 
ization areas for the J00 and 500 C treated samples 
with that for the 100 C treated sample indicated the 
following: (I) at 500 C. the short-term steady-state 
current value in the potential region between - I.i< 
and - I.I V is considerably higher. 11) heal neat mem 
at 3()0 C shifts the /;'„,„ to a more positive <ae and 
decreases the current density at the potential axis, and 
{}) treatment at 500 C decreases K^,rr and enhances 
ihe current density in the vicinity of ti^,TT. Although 
the 500 C treated Zn ■ Ph is less susceptible to alkaline 
dissolution, the higher current density (observation I i) 
above) is indicative of high oxygen reduction kinetics 
which occur under the coating. The reason for this 

10)j.mU enhanced oxygen reduction reaction. HLO +■ K); 

+■ _e " = 20H ". in an aerated NaC! solution mav be 
due to the increased porosity of the coating caused by 
the t — y phase transitions during healing at 500 C. 
thereby resulting in a poor protective performance. !n 
addition, a coating exhibiting a poor protective nature 
would be expected to display a lower Fviur and :i 
higher current density. This is in agreement with 
observation (3). With regards to observation \2). the 
conversion lo an anhydrous t phase at 30O (.' yields a 
more stable layer and inhibits the oxygen red action 
read ion. It appears thai this relates directly with ihe 
low-rate of alkaline dissolution. 

4.  Conclusions 
The water of crystallization m the Zn,|P04): - 2H .O 
major phase o\ Zn • Ph conversion coatings deposiied 
on steel surfaces through dissolution recrysialli/aiion 
proeesses using zinc orihophosphaie dihydrate pow- 
ders is eliminated by heating in air at tempera tu re 
between 300 ;md 400 (.'. The kinetics for ihe thermal 
dehydration of ihe hydrous ervsial coalings are re- 
lated directly to the folUming phase irunsition ai 
temperatures up lo 5(H)  ('; 

II nil 

/■111 

l"ii>>|irinrn.« 

■: i -s | 

I ill) 

IMS 

MS.I 

I (Kl 

u s,; 

increase in treatment temperature. However, at 
50(1 ( . the P Zn ratios for samples before and after 
exposure were essentially the same, (hereby suggesting 
I hal y phase-rich crysud Livers arc less susceptible to 

Znal'Oj.JH.O 

;'-Zn((P(>4), 

i no1 

y-Zn,|P04|, 

•  V-ZIMPO,).  ■■ 

' •  Tt-ZiMPO.i. 

V-Zn ,(!»(), I, ^ i-/nA|P(l4i, 
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When the corrosion-protective ability of these conver- 
sion phases was studied, it was determined that 
anhydrous y phase-rich crystal layers yielded at 
300 C had ihe same protective ability as hydrous 
conversion coalings. Heat treat men I at 500 C as a 
means of producing y phase-rich coatings, however, 
led to a poor protective behaviour. This was due to an 
increase in the number of microcracks on the crystal 
laces caused by t -» y phase transition. This suggests 
that the corrosion-protective ability of Zn-Ph layers 
at high temperatures is dependent on the extent of the 
conversion from 3 to y phases, but independent of the 
dehydration and elimination of crystallized water in 
the Zu*Ph lavers. 

The anhydrous y. and y phases were also found to be 
less susceptible to alkaline dissolution ol Zn-Ph crys- 
tals, thereby resulting in a lower rate of phosphorus 
dissociation from the crystal layers. The m ic roc rack - 
free t phase layers ai 300 C yielded the best pro- 
lection performance Inr ihe crystal-covered steel sys- 
tems upon exposure to a NaOH solution. 
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Abstract 

The incorporation of cobalt (CoJ ') ;ind nickel (Ni~") ions in a poly{acrylic)acid (p{AA))-modilic<J zinc phosphjic 
solution promoted the growth and development ot'crystalline zinc phosph.ne (Zn- Ph) conversion coinings ucpnsited 
on steel surfaces. This enhancement was due primarily to the preferential uptake of Co"" :ind Ni"" ions by 
p(AA), to form the Co— and Ni-OOC- salt complexes, rather than complexes with zinc ions. The electron 
trapping behaviors of Or* and Ni2* dissociated from the salt complexes, and the hydroxides in the NaCI solution 
inhibited the cathodic reaction on Zn-Ph. In particular, the conversion coatings derived from the nickel-modified 
phosphate solution were characterized by the formation of a coating consisting of hopette as a major crystal 
phase, zinc orthophosphatc dihydrate as a minor phase, and an amorphous iron-rich phosphate phase; this coating 
provided an extensive coverage over the steel, which contributed to protecting it from corrosion. 

1. Introduction 

Zinc phosphate (Zn-Ph) conversion coatings, which 
arc prepared by immersing steel substrates in a solution 
or'zinc phosphate, have been widely applied as corrosion 
barriers for steel. As part or' work to develop advanced 
Zn • Ph coatings, our particular focus was placed on the 
modifications ot Zn-Ph by incorporating the organic 
polyelcctrolyte macromolecule containing proton-do- 
nating pendant groups, such as carboxylic and sulfuric 
acids [1-3|. Our data indicated that the segmcntal 
ehemisorpiion of functional polyelectrolytc on small 
phosphate crystals at the beginning of the precipitation 
of Zn • Ph not only acts to array a uniformly packed 
fine crystal morphology brought about by suppressing 
and delaying crystal growth but also significantly im- 
proves the stiffness and ductility of the normally brittle 
Zn- Ph layers. The major reason for these changes was 
associated with the formation of the carboxylatc of 
sulfonaic-linked zinc complexes, consisting of a charge- 
transferring bond at polyelcctrolyte-Zn- Ph interfaces. 
The most recent study |4| on the enhancement of the 
corrosion-protective ability of unmodified Zn- Ph dem- 
onstrated that the adsorption of Or' and Ni~' ions 
on ihe crystal laces extends the durability of Zn-Ph. 
The reason lor the extended durabilily was due primarily 

to the electron-trapping behavior of such ionic species, 
which inhibits Ihe cathodic reaction on the uncoated 
pans of the steel surfaces. However, there were no 
polyelectrolytes in the cobalt and nickel ions incor- 
porated in the zinc phosphate solutions. 

Accordingly, the emphasis of our present study was 
directed towards characterizing Zn-Ph derived from 
the cohalt and nickel ion-zinc phosphate solutions con- 
taining poly (aery lie) acid (p(AA)) which is a poiyclec- 
trolyte macromolecule species. The research had the 
following three objectives: (1) to explore the influence 
of scgmental chemisorption of p(AA). which will react 
with cobalt and nickel ions adsorbed to Zn-Ph crvstai 
surfaces, on the development and growth of crystals 
at the beginning of the precipitation of conversion 
coating to the steel surface, (2) to investigate the crystal 
phase as a function of cobalt-to-nickel ratios and (3) 
to assess the ability of the finally assembled crvstai 
layers lo protect ihe steel against corrosion. 

2. KxpcrimciUal details 

2.1. Maw rials 
The metal substrate used was A LSI  101(1 cold-roiled 

steel supplied by the Deman and Davis Co. The steel 

I »2 5 7 -wnipMWS w\ l!)!K! — Klsrvirr Scqiiuiii. All rights reserved 
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contained 0.08-0.13 wt.% C, 0.30-0.60 wt.% Mn. 0.04 
wt/'f P and 0.05 wt.^ S. The formulation tor the 
unmodified zinc phosphate iquid was 1.3 wi.% zinc 
urihophosphale dihydrate [2n,(F0.1);-2H;01. 2.7 U/LTä 

H.ii'O, and %.0 wt.rr H.Ü. In modifying this standard 
formulation, two metal nitrate hydrates. Co(NO-,}; 
MFC) and Ni(NO,); 6H.0 supplied by Aldrich Chem- 
ical Company, Inc.. and 25% p(AA) colloidal .solution 
obtained from Rohm and Hass Company, were em- 
ployed as a source of the ionic cobalt and nickel atoms 
and the polyelcctrolyte. The concentrations of these 
metal compounds and p(AA) (molecular weight of about 
bOOOO) added to the zinc phosphate solution were 1.0 
wt/7 and 0.5 vjt.':h of the total standard solution 
respectively. Five different ratios of Co(NO^):-6HzO 
to Ni(NO0:-6H2O (100 to 0. 75 to 25. 50 to" 50. 25 
to 75 and 0 to 100 by weight) were used to compare 
I heir protective ell'ccrs against corrosion. Although an 
alkaline immersion or spray is generally accepted to 
clean the metal surfaces, in this study 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 these modified and 
unmodified conversion solutions at a temperature of 
SO °C, 

2.2, Measuremcnis 
X-ray photoelectron spectroscopy (XPS) was used 

to identify the chemical states and elemental compo- 
sitions at i he outermost surface site of the p(AA)-Zn- Ph 
layers. The spectrometer used was a V.O. Scientific 
CSC A 3MK 11 with an Al K« (1486.6 eV) X-ray source. 
The surfaces of conversion coatings were examined by 
scanning electron microscopy (SI£M) with, an energy- 
dispersive X-ray spectrometry (EDXS) attachment. The 
Zn ■ Ph crystal layers were scraped from the steel surfaces 
to study the phase compositions. They were then ground 
to a size of 325 mesh (0.044 mm} for X-ray powder 
diffraction (XRD). Measurements of corrosion were 
made in an EG&G Princeton Applied Research model 
362-1 corrosion measurement system. The specimen 
was mounted in a holder and then inserted into an 
EG&G model K47 electrochemical cell. The tests were 
conducted in an aerated 0.5 tvl NaCI solution at 25 
'C, and the exposed surface area of the specimens was 
1.0 cm*. The cat hod ie polarization curves were deter- 
mined at a scan rate of 0.5 mV s ' in the potential 
range from   -1.2 to  -0.2 V. 

J. Results and discuss ion 

.>'./.  Ct idling layers formed in I lie initial periods of 
Zn • f'h conversion process 

To investigate the effect of Co1' , Nr" and p(AA) 
ndditivcs on   the   promotion  of crystal  growth  at   the 

initial stage of Zn-Ph precipitation, the steel samples 
were immersed for only 5 min and the conversion 
products explored using XPS and SEM-EDXS. Table 
I summarizes the XPS data on changes in the elemental 
composition of the sample surface as a function oi the 
Co(NO,);■6H;0-to-Ni(NO.,h-6H:0 ratio. For ail the 
samples, the principal element occupying the outermost 
surface sites was oxygen, in the concentration range 
43-55 at.%, and the second predominant element was 
carbon, corresponding to the hydrocarbon in p(AA1 
chemisorbed and diffused un the conversion product 
surfaces. By comparison with the elemental composition 
of the control sample, denoted as the 0-to-0 ratio, the 
cobalt-modified sample (lOO-to-O ratio) was character- 
ized by a conspicuous increase in the concentration of 
zinc and phosphorus atoms, with a concomitant re- 
duction in the content of iron atoms which is repre- 
sentative of both the steel substrate and the iron-based 
conversion products. Since zinc and phosphorus atoms 
directly reflect the precipitation of Zn-Ph on the sicei. 
we believe that the Co1" ions dissolved in the phos- 
phating solution promote the precipitation 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 increases with decreasing eobalt- 
to-nickel ratio. The chemical states and compounds in 
the conversion products of these samples were identified 
from the deeonvoluted curve of the high resolution 
XPS spectra of Cfs.Ni2p.P2p and Fc 2p,,: signals. 
To set a scale in all the XPS spectra, the binding energy 
(BE) was calibrated with the C Is of the principal 
hvdrocarbon-type carbon peak fixed at 285.0 eV as an 
internal reference standard. The resulting spectra are 
shown in Figs. 1 and 2. Curves a. b. c. d and e correspond 
to samples with cobalt-to-nickej ratios of 0 to 0. 100 
to 0, 50 to 50, 25 to 75 and 0 to 100 respectively. In 
the C Is regions (see Fig. I), the spectrum of the 
control sample (curve a) reveals the three resolvable 
Gaussian components at BE of 285.0, 288.1 and 288.9 
eV. The main peak at 285.0 eV as a principal component 
is attributable to the hydrocarbons in the main chain 

TAuLE I. Surface chemical compositions of unmodified :md of 
cobalt- ;nid nickel-modi I ted conversion coatings at the beginning 
of precipitation of Zn-Ph 
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Fig. 1. XPS high resolution spectra in C Is and Ni 2p-,/,- regions 
tor a control sample (curve a) and modified Zn-Ph conversion 
coatings, with various cohalt-io-nickel ratios (curve b. MM) to 0; 
curve c. ,,i(l to 50: curve d. Z5 to 75: curve e. d to KIO). 
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Fig. 2. P 2p and Fc 2pire regions for a control sample (curve 
a) and Zn- I'h samples with various cobalt-to-nickcl ratios (curve 
b, 10(1 to 0; curve c, 50 to 50: curve d. 25 to 75; curve c, 0 to 
1110). 

of p(AA). The peak emerging at 288.1 eV in a high 
BE area can he ascribed to the carbon in the 
-COO -Zrr--- OOC- sait complex formation [3. 5|, 
and 288.9 cV is clue lo carbon original!tig front the 
carboxylic acid, COOH, in the p(AA) [6j. The spectra 
for all of the cobalt- and nickel-incorporated Zn-Ph 
samples show a slight shift in the salt complex-related 
peak to a higher Bl£ site compared to that of ihe 
control. The assignments of the shifted peak at 288.4 
eV appear to he due to the Co- ami Ni-()()(.' salt 
complexes. Jn fact, Ihe O  Is core level (not shown) 

had a strong peak at 531.4 cV. which was ascribed to 
the formation of COO-metal complexes. This linuing 
strongly suggested that the functional COOH groups 
in the p(AA) preferentially react with the cobalt and 
nickel ions to precipitate the salt complex, rather than 
reacting with the zinc ions. The data were further 
supported by comparisons of the peak area ratio between 
C(COO-Co and COO-Ni) at 288.4 eV and C(-CH,-} 
at 285.0 eV. The resulting ratios lor the 100-to-O, 50- 
to-50, 25-to-75 and 0-to-100 samples were 0.28, 0.2ft. 
0.23 and 0.19 respectively, thereby demonstrating that 
the uptake of cobalt by COOH groups is much higher 
than that of nickel. Thus the extent of reactivity of 
these metal ions with p(AA) appears to be in ihe 
following order: cobalt > nickel ..-■ zinc. We offer no inter- 
pretation of the Co 2pv:> peak in the BE ranging from 
777 to 783 cV. because of the interference oi ihe iron 
Auger line. The Ni 2p-,.: region (Fig. 1) lor the 25-to- 
75 and 0-to-l()0 samples has a symmetric signal peak 
at 856.3 eV and a strong broad satellite hand (shown 
by arrow I and arrow 2). According to Mein tyre and 
Cook [7], this signal feature is associated with the nickel 
in Ni(OH)2- In the P 2p core level spectra (sec Pig. 
2), the curve for the control, sample reveals only a 
single peak at 133.9 cV, reflecting the phosphorus in 
ihe Zn-Ph precipitated on the steel. The intensity of 
this peak markedly increased as the control solution 
was modified by Co~ *" ions. Since such an intense peak 
represents the deposition of a large amount ot Zn- Ph. 
it is clear that cobalt ions have a significant effect on 
the acceleration of crystal growth and precipitation. A 
possible interpretation for this acceleration, taking into 
account the data from C Is spectra, is that the pref- 
erential uptake of Co:" ions by the p(AA) macro- 
molecule, rather than Zn~ ions, leads to numerous 
free zinc ions in the phosphate solutions. Hence, the 
role that Zn-p(AA) complcxed formations play in con- 
trolling a crystal growth and in arraying a dense mi- 
cros true tu re of fine Zn-Ph crystals is inhibited by the 
formation of Co-p(AA)salt complexes. For the sampies 
(see P 2p, curve d) in which more than half the cobait 
ions were replaced by nickel ions, the signal feature 
indicated the appearance of a new component at a low 
BE site of 133.2 eV, although the principal line of 
phosphorus in Zn • Ph is still present. The further growth 
of this new peak was observed in curve e in which the 
cobalt ions were completely replaced by nickel ions. 
To ascertain the assignment of this additional line, wc 
investigated the Fc 2p,,-> region (Fig. 2). The peak at 
the position of 711.2 cV in the control is referable to 
the iron in the iron oxide. Fc:Ot, forming on the i>.ip 
surface of the steel [8j. By comparison, the Fe 2p. ■ 
curve of the cobalt-modilicd 100-to-O ratio sample is 
distinctive, namely an additional weak line at 70l).o cv. 
separate from ihe main line, appears in ihe spectrum. 
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The inicnsitv of tliis new line dramatically increases 
in proportion to the amount of niekcl present. The 
growing new peak at 704.9 eV for samples with a 25- 
to-75 and O-to-100 ratio eventually become the principal 
line. In contrast, the line intensity at 711.2 eV, originating 
from the iron in Fe.Ch, which is the main oxidized 
component of steel surfaces, is significantly reduced as 
the cob a It-to-nicke I ratio decreases. In conjunction with 
an additional line at 133.2 cV in the P 2p region, we 
believe that the new peak emerging at 709.9 eV directly 
reflects the formation of iron phosphates. From these 
data, it is reasonable to assume that incorporating 
nickel ions into the p(AA)-modified zinc phosphate 
solution promotes the rate of conversion into the iron 
phosphates precipitating on the FeX), layers. However, 
the precise phase of the precipitated iron phosphate 
compounds is unclear. 

Figure 3 shows SEM micrographs coupled with ED.\S 
spectra for the crystalline Zn-Ph microstructure de- 
posited on steel substrates after immersion for 5 min 
in control solutions, and in cobalt-modified zinc phos- 
phate solutions at 80 °C. At the start of Zn-Ph crystal 
growth, a standard Zn-Ph coating (Fig. 3(A)), made 
with the unmodified solution, was characterized by an 
irregular precipitation of rectangular-shaped plate crys- 
tals on the Fe^O, surfaces. As expected, the crystal 
morphology of conversion coatings derived from cobalt- 
modified solution can be discriminated from that of 
the standard coatings; in the former (see Fig. 3(B)), 
we observed the precipitation of large well-formed plate- 
like crystals over 20 /xm in size. This change was due 
to the elfect of cobalt ions causing an increase in the 
rate of rhe Zn-Ph crystal growth and development. 
The particular miero.structural feature of the niekcl- 
systcm-derived conversion coatings was a dense mor- 
phology with wide plate crystals coexisting with small 
block-type crystals (Fig. 4). The EDXS spectrum for 
the large crystals (marked I) is indicative of the for- 
mation of Zn-Ph containing a large amount of iron 
and a small amount of nickel.  Location 2, which is 
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identical with an area not covered by crvstals, was also 
inspected using EDXS. As is evident from the spectrum 
that contains a strong iron signal and weak phosphorus 
signal, the areas not covered with Zn-Ph deposits arc 
composed of an amorphous iron-rich phosphate com- 
pound superimposed on the Fe,0:> layers. No nickel 
was found in area 2. These results from the micro probe 
were in good agreement with the XPS analyses. 

Figure 5 presents typical cathodic polarization curves 
of the logarithm of current density us. potential for 
the control sample and the lUO-to-U. 50-to-5U and u- 
to-100 ratio samples in an aerated 0.5 M NaCI solution. 
By comparison with the curve for the control, the 
striking characteristics of the cathodic curves for ali 
the cobalt- and nickel-modified Zn-Ph samples are as 
follows: (I) a considerable reduction in current density 
in the potential region between -0.95 and --O.iSO V 
and (2) a large shift in Zi'ltirr to less negative potential. 

With reference to characteristic (1). the indication 
of low current density is attributed to an inhibition or 
the cathodic reaction, particularly the oxygen reduction 
reaction.« H20 + iOc + 2e " =20H". Thus such a re- 
action appears to be inhibited by incorporating the 
cobalt- and nickcl-complexed p(AA) macromolecule 
and cobalt and nickel hydroxides into the Zn • Ph layers. 
The possible interpretation for this cathodic inhibition 
mechanism is that, when the p(AA) salt complexes 
containing -COO ~~M" + -_OOC-groups (Ms Co and 
Ni) and M(OH)2 in the conversion coatings come in 
contact with the NaCI solution, the sodium ions promote 
the breakage of the M-OOC bonds. The breakage could 
be associated with an ion substitution of M for Na |'3j. 
Hence the free transition M~~ ions isolated from the 
organic complex structure and dissociated bv the h\- 
drolysis of M hydroxide compounds in NaCI solution 
virtually stay in the crystal layers. Simultaneously, the 
anodic reaction Fe"-2e -» FeJ'". which is directly re- 
lated to the corrosion of steel, may occur at the 
Zn-Ph-steel interlaces. On the assumption that this 
reaction process is correct, the electrons 2c generated 
by the anodic reaction of iron in the steel will then 
preferentially react with the M:+ ions. This reaction 
can be described as the electron-trapping reaction j9| 
M'"h + 2c = M". We believe that such an electron- 
trapping behavior of Co:' and Ni-' ions contributes 
to the extended lifetimes of Zn-Ph. which serves as a 
corrosion barrier for the steel. The curves also indicated 
that the elfect o( Co-' on napping activity is higher 
than that of Ni-1' . 

Characteristic (2) direellv reflects the degree of cov- 
erage of conversion coatings on the entire si eel surface. 
namely a good coverage providing a continuous non- 
porous coating corresponds lo the /-.'>v„, value at a los 
negative site. The consequent /:"„,,r values for the control. 
lOO-io-O, Sil-toOO and (Mo-100 samples were  -{I.oh V. 
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coverage by packed crystal layers consisting of large 
and fine crystal particles and (2) the formation of 
amorphous iron-rich phosphate compounds in the vi- 
cinitv of Fe>0,. 
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Fig. 6. XRD patterns (or conversion costings derived from 
unmodified and from cobalt- and nickel-modified zinc phosphate 
solutions. 

-0.57 V. -0.55 V and -0.53 V respectively. Con- 
sequently, the most effective coverage of conversion 
coatings, which provide corrosion protection of steel, 
seem to be those prepared with nicke I-mod died phos- 
phate solutions. This finding strongly suggest that good 
protection performance of conversion coating systems 
is due to two important factors: (1) a high degree of 

3.2. Coating layers fanned in the terminal stages 'it mc 
conversion process 

Figure 6 illustrates the XRD phase compositions o( 
crystalline conversion coatings prepared by immersing 
the steel for 20 min in the unmodified and modified 
phosphate solutions at 80 °C. Only two crystal phases 
were distinguishable: zinc orthophosphate dihydrate 
(Zn,(P04)2-2H20) and hopeite (Zn,(P04)t-4H-0). In- 
terestingly, the data showed that the proportions of 
single ZnT(P04)--2H20 formation derived from the 
control solution system (cobalt-to-nickc{ ratio. U-(O-'J) 
tend to be replaced by hopeite formation ;is the eobalt- 
to-nickel ratio was decreased. In fact, the major phase 
for the nickel-system-de rived conversion coating (0-'.o- 
100 ratio) was identical with hopeite. The micros true - 
tural view of well-converted crystal compounds for the 
nickel-modified Zn-Ph disclosed an interlocking to- 
pography of growing crystals which uniformly covered 
the steel surfaces (Fig. 7). The feature of FJDXS spec- 
trum for a part of the crystal denoted as site 3 was 
almost the same as that of the crystals (see spectrum 
for site 1 in Fig. 4) formed at the beginning of the 
conversion process. All the findings were correlated 
directly with the evaluation of £corr value for the con- 
version coatings deposited on the steels after immersion 
for 10 min and 20 min respectively. The variation ;n 
£,.,,rr of the samples as a function of cobalt-to-nickel 
ratio is given in Fig. 8. The data clearly show that /:',.,.,r 

increases with a decreasing ratio of cobalt to nickel. 
This finding suggested that the degree of coverage bv 
Zn-Ph derived from nickei-incorporatcd phosphate >o- 

mmhäÄä^ntt .   A 

I "it;. 7. SI-.M-I.DXS ilat;i nl well-converted /.ir I'll commas derived Irom nickel-modified phosptiaic solution. 
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major component and zinc orthophosphate dihydrate 
(Zn-,(P04);-2H20) as the minor component. The uni- 
form coverage or hopeitc-Zn-,(PO.,):-2H:0 interlocked 
crystals over the steel may result in a reduction in the 
rate or corrosion. 

0/0     100/0 75/25  50/50  2S/T5  0/100 

Co(N03)2-6H.O/Ni(NOj)j-6HjO. RATIO 

Fig. S. Variations in corrosion potential value £.'„,„ as ;i function 
of L'oliuh-to-nickel ratio for Zn- Ph-covered steel samples prepared 
hy immersion lor  I (I and 2U min. 

Iiuiun is higher than that from cobalt-incorporated 
solution. Also an immersion time of -0 min rather than 
of I0 min leads to a better coverage of the eoatin»s. 

4. Conclusions 

The advanced Zn-Ph conversion coatings can be 
prepared by immersing the steel in the Co2 *"- and Ni2 "- 
ion-incorporated p(AA)-zinc phosphate solution sys- 
tems. The formation of M1+ (MsCo and Ni)-p(AA) 
salt complexes containing -COO_-M~ + -~OOC- 
groups played an important role in accelerating and 
promoting the growth and development of Zn • Ph crystal 
layers over the stecl'and also introduced the amorphous 
iron-rich phosphate conversion layers in the vicinity of 
Fe.Ov substrates. The electron-trapping behavior of the 
M~' ions dissociated from the complex formations and 
M hydroxides in the NaCI solution inhibited the cathodic 
reaction. In the final stages of the conversion process, 
the crystal phase of nickel-system-de rived conversion 
coatings consisted of hopeite (Zn^PO.^^H^O) as the 
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Corrosion Protection of Steel and Bond Durability 
at Polyphenylene Sulfide-to-Anhydrous 
Zinc Phosphate Interfaces 
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Brookhaven Notional Laboratory, Upton. New York 1 1973 

SYNOPSIS 

To enhance (he performance of high-temperature polyphenylene sulride l PPS) coating in 
protecting steels from corrosion, the cold-rolled steel surfaces were prepared with anhydrous 
zinc phosphate (Zn • Ph ) conversion coatings containing poly (acid) anhydride as an inter- 
facial tailoring material. The factors contributing to the formation of a good bond at the 
PPS/Zn- Ph joints were as follows: (I) the chemical reaction of PPS with Fe2Os in the 
Zn-Ph layers, (2) PPS-to-poly( acid) anhydride interaction, and (3) the mechanical in- 
terlocking between PPS and the rough Zn- Ph crystal surfaces. Although such interfacial 
bond structures provide a superior durability of PPS/Zn • Ph joints against a hot H3SO« 
solution, the cathodic reaction. FLO + ?Q> + '2e ' = 20H , occurring at any defect in the 
PPS/Zn • Ph joint system when NaCl is present will lead to the delamination of the PPS 
film from the phosphated steel. This cathodic delamination was due mainly to alkali-induced 
dissolution of Zn- Ph layers. However, the rate of delamination for the PPS/Zn • Ph systems 
was considerably lower compared with that for the PPS/steel system in the absence of 
Zn-Ph. 

INTRODUCTION 

In our recent studies on the interfacial bonding be- 
tween polyphenylene sulhde (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 of sulfur-re I a ted interfacial reaction 
products generated by the gas-solid chemical reac- 
tion between the metal oxides present at the out- 
ermost surface site of substrates and the SO., and 
S0:t gases emitted from PPS at a high temperature 
of .'150"C1 The order of these reaction compounds, 
which play an important role in developing bond 
strength, was FeJSO., )■• > FeSO, > FeS. However, 
although such S-refated iron reaction compounds 
significantly   improved  bond  strength.   it   is  well 

I ii whom <'orri,s|niiiili,iii'ii slmiiltl lie ailiircro.cii. 
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known" ' that these compounds commonly act to 
promote the corrosion rate of steels. To avoid the 
direct contact of PPS with steel, we also investigated 
the effectiveness of zinc phosphate (Zn< Ph 1 con- 
version coatings, deposited on the steel surfaces, in 
decreasing the cathodic delamination rate of PPS 
Him from the zinc-phosphated steels.' The cathodic 
reaction, in terms of the oxygen reduction reaction 
occurring at the corrosion sites of steel in a near- 
neutral aqueous environment, is HL.0 + k0> +- 2e' 
= 2()H . The large number of hydroxyl ions gen- 
erated by this cathodic reaction creates a high pH 
environment underneath the PPS layers. The attack 
of alkali solution on the crystalline Zn • Ph coating 
layer frequently causes its dissolution, (hereov re- 
sulting in a high rate of delamination of i be PPS 
lilm. Our previous investigation suggested that (he 
anhydrous K-'/II-,( PO,) phase derived from thermal 
dehydration of (he original Zn-Ph hydrate phase 
has a low susceptibility to alkali-catalyzed dissolu- 
tion." 

1291 
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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 PPS- 
to-(.v phase interfacial contact zones, which are im- 
portant in improving the durability of adhesive bond 
and reducing the rate of cathodic delamination of 
PPS him. For comparison, the interface of PPS-to- 
cold-rol.l.ed steel was also explored. 

EXPERIMENTAL 

Materials 

The metal substrate used was A1S1 1010 cold-rolled 
steel containing 0.08-0.13 wt % C, 0.3-0.6 wt % Mn, 
0.04 wt % P, and 0.05 wt % S. The formulation of 
the zinc phosphate liquid was 1.3 wt % zinc ortho- 
phosphate dihydrate [ Zn:, ( P()4 )■> ■ 2H-.0 |, '2.6 wt % 
H:!P04,2.Ü wt % [25% poly (acrylic) acid, p<AA)J, 
1.0 wt % Ni{N03)2*6H.,0, and 93.1 wt % water. 
The average molecular weight of p(AA) polyelec- 
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 baked in an oven at 350°C for 2 h to 
prepare the anhydrous Zn ■ Ph layers. 

PPS powder for the slurry coating was supplied 
by the Phillips 66 Company. The as-received PPS 
was a finely divided, tan powder having a high melt 
now with a melting point of 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- 
propylalcohol at 25°C. Then, the slurry-coated sub- 
strates were preheated in the air at 300°C for '.\ h to 
trigger the fusion of the PPS powder and, at the 
same time, the volatilization of the isopropylalcohol 
liquid phase. To assemble the crosslinked and ex- 
tended macro molecular structures, the fused PPS 
was finally heated in air at 350° C for 2 h. 

Measurements 

The chemical compositions and states present, on a 
bond-failure site at the interfaces of PPS/substrate 

joint systems were explored using X-ray photoelec- 
tron spectroscopy (XPS), scanning electron mi- 
croscopy (SEM), and energy-dispersion X-ray 
spectrometry (EDX). The XPS used was a V.O. 
Scientific ESCA 3MK II. The excitation radiation 
was provided by an Al Ka (1486.6 eV) X-ray source, 
operated at a constant power of 200 W. The vacuum 
in the analyzer chamber of the instrument was 
maintained at 10 ~9 Torr. The atomic concentrations 
and ratios for the respective chemical elements were 
determined by comparing the XPS peak areas, which 
were obtained from the differential cross-sections 
for core-level excitation. To set a scale in all the 
high-resolution XPS spectra, the binding peak was 
fixed at 285.0 eV as an internal reference. A curve- 
deconvolution technique was employed to find the 
individual chemical states from the high-resolution 
spectra of each element. Ail measurements were 
made at an electron take-off angle of 38°, which cor- 
responds to an analysis depth of •== 5 nm.' EDX is 
extremely useful for the quantitative analysis of any 
elements that exist on a surface solid layer up to ■= 
2 ßm in thickness. 

The cathodic delamination tests for the PPS- 
coated anhydrous Zn • Ph specimens were conducted 
in an air-covered 1.0M NaCl solution using an ap- 
plied potential of -1.5 V vs. SCE for up to 8 days 
(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 approximately 30 jzm us- 
ing a surface profile measuring system. PPS thick- 
ness overlaid on the Zn-Ph was approximately 2 
mil. The total area of him that comes into contact 
with NaCl solution was 6.0 X 10 ; mm'-'. A defect was 
made using a 1-mm diameter drill bit. After expo- 
sure, specimens were removed from 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-substrate PPS adhesive specimens was 
determined after exposure to H-jSO, solution < pH 
= 3) containing 0.1M NaCl for up to 8 days at 80°C. 
The lap-shear tensile strength was estimated in ac- 
cordance with the modified ASTM Method D-1002. 
Before overlapping the substrate strips. (50 mm long 
and 15 mm wide), the 10 \ 15 mm lap area was 
coated with PPS adhesive. The thickness of the 
overlapped PPS film ranged from \-'.\ mil. The bond 
strength of the lap-shear specimens is the maximum 
load at failure divided by the total bonding area of 
150 mm-. 
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PPS 
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Zn-Ph  , 

] d 
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Figure 1    Schematic diagram of cathodic delamination rest. 

RESULTS AND  DISCUSSION 

Cathodic Delamination 

As discussed in the introduction, it is very important 
to identify the species of phase present in the an- 
hydrous Zn • Ph [avers that greatly influence the 
vulnerability to alkali attack. The degree of alkali 
dissolution of the a-Zn:!{PO.i)^ phase was consid- 
erably lower than that of the 7-phase, To ascertain 
whether the dehydration phase of Zn • Ph derived 
from this zinc phosphate solution is «-phase, the 
Zn • Ph crystal layers were scraped from the steel 
surfaces before and after thermal dehydration at 
350 °C in the air and then ground to a size of 325 
mesh (0.044 mm) for X-ray powder diffrac- 
tion (XRD). 

Figure 2 illustrates two XRD tracings; the original 
Zn-Ph, denoted as sample a, and the anhydrous 
Zn ■ Ph (sample b) prepared by heating the original 
sample at 350°C Two hydrous crystal phases 
were distinguishable in the original Zn • Ph 
layers, namely, zinc orthophosphate dihydrate 
(Zn:i( PO) )■» ■ 2H;»0 ] present us the major component 
and hopeite [Zni(PO.()j'4H-jO | as the minor one. 
The predominating phase of the anhydrous samples 
is identical to «-Zn-,( PO, )■., and ■v-Znd PO, )■_. is 
present as a secondary phase. This result, was in 
agreement with that obtained in our previous in- 
vestigation,1' that, is, Zn.d PC), )•_. • 2H-X) was con- 
verted into the <r-Zn:,( PO.,)._, phase during dehydra- 
tion and the Zn:,l PO,)- 4HjO -* y-ZnA( PO,)., pha.se 

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 

o   Zn3(PO4)3-2H20 
A Zn3(P04)2'4H20 

•   a-zn3(P04), 
A  x-Zn3(P04)2 

24      26 28     30     32 

CuKa 26 

34      36 

Figure 2     XRD l racings for (a)  i he original Zn ■ Ph 
wimples and 11»^ the :lfiO"<' deliydrmerl Zn • Ph samples. 
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104 

Figure 3    Cathodic delaminaci.on of PPS Him from steel 
and Zn * Ph-deposited steel substrates in 1,0 M NaCl. 

from the substrates after up to 8 days of cathodic 
testing. For PPS /steel joint systems in the absence 
of Zn • Ph, the resulting curve indicates that there 
is a significantly large area of delamination of PPS 
after only 1 day's exposure. Further exposure up to 
8 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 
«4X10 mm2 for the PPS/Zn - Ph system obtained 
after 8 days was R= LO2 times tower than that of the 
PPS/steel system after the same exposure. Why 
such a high rate of delamination occurs at the critical 
interfacial zones of the PPS/steel systems is of par- 
ticular interest. To gain this information, we ex- 
plored by XPS both cathodically failed PPS and 
steel interfaces for 8-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 by pulling I he 
PPS films from the steel and Zn • Ph substrate sur- 
faces at sites of tension failure. Table I summarizes 
the chemical compositions of the cross-section sam- 
ples before and after the cathodic experiments. For 

the controls, the interface chemistry of the PPS side 
removed from the steel substrate consists of 3.5% 
S, 42.1% C, 44.0% O, and 10.4% Fe. The S element 
refers to S originating from the fundamental for- 
mula, [ - -S-]n, of PPS. The C belongs both to car- 
bons in the PPS and in the contaminants. As re- 
ported in our previous paper,' the Fe and 0 elements 
remaining on the PPS side are associated with the 
interfacial reaction products formed by interaction 
between the PPS coating and Fe2On 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 in the cathodically delaminated 
samples. The differences are as follows: t 1) A large 
amount of Fe and O was removed from the inter- 
facial PPS sides, while the concentrations of S and 
C were markedly increased; 12) a small amount of 
S remained on the steel sides; and (3) a certain 
amount of Na from the NaCl 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.,0 + |02 + 2e~ = 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 of the delect," it is reasonable to assume 
that creation of such an alkali environment at the 
interfacial regions cause NaOH-catalyzed hydrolysis 
of the interfacial reaction products. Thus, as a result 
of difference 3, the detection of Na atom at the de- 
laminated interfaces could be due to the penetration 
of the NaOH solution through the interfacial layers. 

To support this hypothesis, we inspected the high- 
resolution S'2P 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 

Failed 
Atomic Concentration. 'V' 

( nl.hodic 
Test Side S C 0 Mn Fe Nit 

Before PPS :i.r> ■VI. 1 •14.0 10. 1 
Before Steel - .1I..1 ")">.;") 0.7 12.ti - 
After PPS 10.7 an.i) li.l — l.n ii.S 
Alter SI eel i.:i -£.\.:\ r>9.(i l.:l i;i.;i 1.2 
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Figure 4    S2p core level spectra for (a) the PPS side 
removed from the steel before cathodic deJamination tests 
and (b) the deiaminated PPS and <c) steel sides after 
cathodic tests. 

interfacial sides of the specimens before and after 
cathodic tests < Fig. 4). The S-j,, region for the PPS 
interface of the control samples reveals two major 
components at tti;5.8 and 168.5 eV. The former peak, 
the principal component, is attributable to the 8 in 
the PPS, while the latter reflects the S in the ferrous 
sulphate (FeSO<) formed by the interfacial gas-solid 
reaction between Fe2On and S02 and SO;( gases 
emitted from PPS in air at a high temperature.1 By 
comparison with the control, the remarkable atten- 
uation of peak intensity at 1.68.5 eV originating from 
the Fe in the FeS04 reaction product can be observed 
on spectrum (b) of the cathodicaüy deiaminated 
PPS side. In the spectrum (c) of the deiaminated 
steel side, the presence of weak line at Lb'8.5 eV ver- 
ifies that a small amount of intermediate FeSO^ ad- 
hering to the steel remains at the interfacial steel 
side, while there are no signals for the peaks of 16.*>.8 
eV corresponding to the PPS. Therefore, the major 
reason for the more extreme cathodic de la mi nation 
at PPS/steel interfaces was the NaOH-catalyzed 
hydrolysis of FeSO, adjacent to the sl.eeI surfaces. 

Table (I gives the elemental compositions for both 
interfacial failure sides in the PPS/Zn-Ph joint 
systems before and after cathodic tests for 8 days. 

The interfacial PPS surface of control samples had 
a composition closely resembling that of the Zn • Ph 
interface except that there was no S element. The 
detection of a certain amount of P, Fe, and Zn on 
the PPS interface demonstrated that 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 
bond 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 be seen on both of the cathodicaüy de- 
laminated areas of the interfacial PPS and Zn • Ph 
sides, namely, a remarkable amount of P. 0, Fe. and 
Zn has vanished from the deiaminated areas, while 
additional amounts of Na atom have been incor- 
porated into the interfaces. 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.>0 + { 02 + 2e ~ = 20H ~) at the site of the defect. 
Since the evolved OH' ions ionically react with Na " 
dissociated from NaCI, the incorporation of Na can 
be directly related to the penetration of NaOH 
yielded by this charge balance into the failure zones. 
Such alkali dissolution of the Zn • Ph layers is re- 
flected in the increase in concentration of S and C 
atoms in the PPS. But an important question still 
remains to be answered. Why is the rate of elimi- 
nation of Fe-related compounds considerably higher 
than that of the Zn ■ Ph? To answer this question, we 
inspected the high-resolution P-j,,, Zn-i,^/-i> Fe?^-. 
and S-jp spectra of the cathodicaüy deiaminated PPS 
side and the PPS failure surface that was made by 
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 

Fiiiled 

A to ink" Concern nil ion. ' 

< at bodir 

Test Side P S C 0 Fe Zn \;i 

Before PI'S rt.5 ±r* :!2.»> 17.1 1). 1 :f.S _ 
Before Zii-l'h r».:t — :i.r).9 17.7 8.1 'i.O - 
After PPS :u i.i .w.ii ■iti.U 0.1 ■J.l (i.i) 

After Zn-I*h 2.1 I.") fifi.S :ii.r> I).!) ■2.5 + .7 
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Figure 5    Pj,, and Zn.,l>:iri regions for (hi the interfacial PPS sides before cathodic test 
and (e) at the cathodicallv delaminated PPS interface. 

cathodic tests. Figure 5 illustrates the resultant P-Jp 

and Zn-)V:<,,<i regions of these samples. The control 
sample {before cathodic tests), denoted as d, had a 
main line at L34.2 eV for P-,„ and at 1023.;} eV for 
Zn-jpa/.j spectra, reflecting the P and Zn atoms in 
Zn * Ph.!> Peak features and intensity similar to those 
of the control was observed in both the Pj,, and the 
Zn-,,().1/L, region for the sample (e) after cathodic tests. 
In the Fe^/j region I Fig. 6). the control sample (d) 

displays a strong signal emerging at the BE position 
of 710.7 eV, corresponding to the formation of ferric 
oxide (Fe-iO.i).10 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 surface. " it is not 
surprising that FejO:! forms by the oxidation of free 
Fe present in the Zn • Ph layers during the 
Zn,( PO, J.j• 2HjO -«• a-Zn,( PC,)•_. phase conversion 

163.7 162.1 

717 715 713 711709 707       172 170 168 166 164 162 160 158 

BINDING ENERGY,eV 

Figure ti     Ft?-^,.,/^ ami Sj„ regions for (d) the interfacial PPS side before caihodic lest and 
(el a! l lie cathodicallv delaminated PI'S interlace. 
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in air at 350° C before the PPS coating is deposited. 
In fact, we observed color changes in Zn • Ph coating, 
from a dark gray at 100°C to a light brown at 350°C. 
A striking decay in the Fe^.t/j signal intensity was 
observed from the cathodically delaminated PPS 
interface (e) (the reason will be discussed later). 
The Sjp region (Fig. 6) for the control (d) reveals 
two resolvable components at 163.7 and 162.1 eV. 
The former peak is attributable to the S in the PPS, 
and the latter belongs to the S in the FeS.1" This 
information seems to suggest that the SO-_> gas emit- 
ted from the PPS in the vicinity of Zn ■ Ph layer 
preferentially reacts with FejO:i in the Zn • Ph layers, 
rather than the a- and 7-Zn:, ( P04 )■> phases. To con- 
lirm that SOo was taken up by Fe20-:, anhydrous 
Zn • Ph coatings were exposed in SO-.; gases at 350°C 
l How rate = 200 cc/min) for up to 120 min. The 
chemical compositions of the exposed coating sur- 
faces were investigated by XPS, and then the in- 
ternally generated PJp, S2p, Fe2p, and Zn->pA/1 peak 
areas were used to calculate the atomic percent ra- 
tios. Figure 7 shows the variation in P/Zn, S/Zn, 
and Fe/Zn ratios as a function of exposure times. 
The data indicate that the value of the S/Zn ratio 
increases with longer exposure time, while the Fe/ 

3.5, 

P/Zn 

S/Zn 

Fe/Zn 

30 60 90 120 

Exposure Time to S02, min 

Kitfure 7     ('Iwin^es in  l*/Zn. S/Zn. anil Kc/'/n alumic 
ratios its a function of exposure lime to SO-. 

Zn ratio value monotonously decreases as a function 
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 S02 is taken up by the Fe2O.T present in the 
Zn • Ph layers. 

Returning to the S2p spectrum in Figure 6. the 
drastic changes in spectral features occur as the ca- 
thodic reaction is initiated at the defect. In partic- 
ular, the S2p signal at the cathodically delaminated 
PPS side (e) was characterized by the appearance 
of three new peaks, the most intense peak being at 
161.4 eV, with two prominent lines at 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 sulfur 
compounds. However, since a large amount of Na 
remains on the delaminated PPS interface, these 
lines possibly could be assigned to the Na-related 
sulfur compounds derived from the cathodic reac- 
tion. Assuming that these predicted assignments are 
correct, other authors13 suggested that the predom- 
inating line at 161.4 eV is due to the S 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 (Na2SOp,) 
and sulphate (Na^SO,}), respectively. The striking 
decay of Fe2r(:i/2 signal [Fig. 6(e)) at the cathodically 
delaminated PPS side can be interpreted as follows: 
The Fe-^O:, in Zn • Ph layers favorably reacts with 
PPS to form FeS, which is one of several S-related 
iron reaction compounds. However, it was very dif- 
ticult to distinguish the photoelectron line of FeS 
from the Fe20:| line in the Feo(i:(/-j region because rhe 
signal originating from Fe in FeS emerges at only 
= 0.3 eV lower BE position than that of Fe20^.N 

Nevertheless, the decay of Fe2|).i,-.> signal was impli- 
cated in the loss of a great deal of FeS caused by 
NaOH-catalyzed hydrolysis. 

Using SEM and EDX, we also investigated the 
morphology and the elemental distribution of ca- 
thodically failed Zn ■ Ph side ( Fig. 8). As seen in the 
bottom left photograph of Figure 8, SEM topography 
reveals the existence of two distinctive areas: site A 
represents an area approximately 1000 /iin in di- 
ameter surrounding (he defect, while sire H is ar the 
edge of I he delaminated PPS. The C area in the top 
photogruph. an enlargement of site A. discloses rhe 
presence of (he PI'S adhering locally to (he sub- 
strate. As is evident from i he KDX elemental data 
from this region, a small part <if the PPS lilm re- 
maining <m the substrate contains not only the S 
atom but njso has oilier elements such as 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 aione. relates to the steel substrate. These 
findings strongly suggested that almost all the crys- 
talline conversion coating surrounding the defect 
was dissolved in the NaOH solution resulting from 
the cathodic reaction occurring beneath the PPS 
film. The right-bottom SEM microstructure (an en- 
largement 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) polyelectrolyte in- 
corporated during crystal growth into the zinc phos- 
phate solution is present at the outermost surface 
sites of Zn • Ph layers.'' Thus, we should consider 
whether there is an interaction between p( AA) and 
PPS. In an attempt to obtain this information, sam- 
ples were prepared in the following way: First, the 
steel plate was dipped for 5 min into the 1.0% p< AA) 
aqueous solution, and then dried in an oven at 350°C 
for 1 h to transform the p( A A) macromolecule from 
the poly (acid), having COOH pendent groups, to 

the poly (acid) anhydride having 
C C 

//   \    /    \\ 
0 0 0 

and COOH groups."5 A PPS slurry was then depos- 
ited on the poly (acid »anhydride macromolecule film 
surfaces, followed by curing in air at 350° C. Finally, 
the PPS site removed from the poly (acid)- 
anhydride-primed steel was inspected by XPS. Fig- 

285.0 

289 287 285 283 281 

BINDING ENERGY, eV 

Kigure 9     C,, spectra lor < ]') hulk   PPS and (JJ)   ITS 
im.erfVice removed from poly ( acid )anhydride-primed si.eeI. 

ure 9 shows the XPS spectra for the C!s region of 
the bulk PPS film (f) and for the interfacial PPS 
site (g). For the bulk PPS, the single peak at 285.0 
eV reveats the aromatic hydrocarbon in PPS. By 
comparison with the symmetry of the curve of bulk 
PPS, the shape of the peak of the samples from ehe 
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 carboxyl (C^O) group and the 
carboxylic acid (COOH) group, respectively, thereby 
suggesting that bond failure occurs through the 
mixing layers of PPS and poly (acid) anhydride. Al- 
though there is no evidence about the interfacial 
bond structure and the chemical or physical inter- 
actions, it appears that the poly (acid) anhydride 
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 
mechanical interlocking forces associated with the 
mechanical anchoring of the PPS polymer, resulting 
from the penetration of the melted polymer into the 
open-surface microstructure and micro fissures of 
Zn • Ph layers. Consequently, the combination of 
such chemical and physical bond structures plays a 
major 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 bonds after 
exposure at 80°C to H-jS04 solution (pH ■■=? 3) con- 
taining 0.1 M NaCl. All edges on the PPS adhesive/ 
adhered joints were unprotected to evaluate the 
susceptibility of the interfacial bonding to the hot 
acid. Figure 10 shows the changes in the value of 
lap-shear bond strength as a function of exposure 
time; each value in the figure represents the average 
of three measurements. For the unexposed control 
specimens, the bond strength of ihe PPS/Zn- Ph 
joint was much higher than that of the PPS/steel 
joint. The deposition of Zn • Ph layer on the st^el 
surface appears to provide a strong adhesive bonding 
of PPS/steel joints. The data for the PPS/Zu • Ph 
specimens indicated thai a reduction in strength 
gradually occurs during exposures of up to 4 days: 
bevond this, t here is verv little reduction in strength. 



1300 SUGAMA AND CARCIELLO 

c 

C 
o 

CO 

Q. 
to 

1 4 8 

Exposure Time, Day 

Figure 10    Lap-shear bond strength vs. exposure time 
to 80°C H.jSO., solution. 

This fact is reflected in the considerable durability 
of the PPS/Zn • Ph joint in hot-acid environments. 
The SEM image (not shown) of peeled PPS inter- 
face for the 8-day-exposed specimens showed the 
presence of a large amount of Zn • Ph, suggesting 
that the mode of delamination can be defined as 
cohesive failure that occurs through the Zn«Ph 
layer. In contrast, the strength of the PPS/steel 
specimens after exposure for 8 days dropped dra- 
matically to a value of 0.6 MPa, a reduction of 
^= 89%. There was a partial separation of the PPS 
film from the steel surface, thereby implying that 
the bond durability of PPS/steel joints is very poor. 

To elucidate the failure mode of acid-damaged 
PPS/steel joints, the P PS-coated steel specimens 
were exposed for 8 days at 80°C in H2S04 solution 
(pH = 3) containing 0.1M NaCL After exposure, 
the chemical composition of the separated PPS and 
steel interfaces was inspected by X.PS; the quanti- 

Table HI Atomic Concentrations of Failed PPS 
and Steel Sides Before and After Exposure for 8 
Days to 80°C HaS04 Solution 

(•Exposure to    Failed 
H.SO, Side       S 

Atomic {'onceiHraLion, ' 

C 0       Mn      Fe l'l 

Helore PPS :i..r> 42.1 44.0 — (0.4 
Before Sl.ee! — :il.:l .r>.r>.f) 0.7 12.(> 
Alter IM*S (i.7 20.!) (i.'(.()        - 7.S     I.li 
After St.eel :U 1H.-I (ifi.U - 11.2     2.:1 

tative data are given in Table III. 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 no 
signal for Na from the formation of Na-related sulfur 
reaction compounds, which are induced by the dif- 
fusion of Na ions 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 failure at the interface. 

To identify the reaction product that causes the 
bond failure in hot acid, we inspected S-->p core-level 
spectra for both the separated PPS and the steei 
sides (Fig. 11). The S.2p region for both sides showed 
the emergence of a single peak at the position of 
169.0 eV, which corresponds to a shift of 0.5 eV to 
the higher BE site than that of FeSO., formed by 
interaction between PPS and the steel [see Fig. 
4(a)] before exposure. A shift of 0.5 eV is reasonable 
to distinguish the formation of ferric sulphate 
[FeoSOj:,]/' which may be generated by H,>S04- 
catalyzed oxidation of FeS04. Thus, the cause for 
the bond failure of PPS/steel joints after exposure 
to hot-acid solution was the interfacial FeS04 —** 
Fe.j(S04):i phase transition. 

CONCLUSIONS 

When high-temperature performance PPS polymer 
coatings were directly applied to cold-rolled steel 
surfaces, the chemical reaction at :töl)°C between 
the Fe.Oi at the outermost surfaces of the steet and 

172     170    168    166    164    162 

BINDING ENERGY, eV 

Figure 1 1 SJ(1 region lor I h I PPS and (tl steel i uteri; ue.- 
separated l>y I he attack of hot-and sohlt ion on the IM>S ■ 
steel joint. 
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the PPS in air led to the formation of FeSO.( at the 
critical inter facial zones. Although the intermediate 
FeS04 layers, as interfacial reaction products, play 
an important role in developing hond strength at 
the PPS /steel joint, the alkali-catalyzed hydrolysis 
of FeSO., caused by the cathodic reaction, H20 
+ \ O'j + 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 
steel surfaces. Before applying the PPS, the 
Zn-, (PO i )■> • 2H'jO as major phase of the Zn • Ph lay- 
ers was converted into an «-Zn:i( P04):< phase by 
thermal dehydration at 350°C. This thermal treat- 
ment also promoted the transformation of the 
poly (acid) structure within the p(AA) into the 
poly (acid)anhydride and the oxidation of free Fe 
atoms dissociated from 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 S0-> and the oxidized Fe 
compound at 350°C caused the formation of an FeS 
reaction product. In addition, two different inter- 
actions were recognized: One was the polymer-to- 
polymer reaction between the PPS and the 
poly< acid) anhydride existing at the outer surface 
of the Zn- Ph layers; the other was the mechanical 
interlocking associated with the mechanical an- 
choring of the PPS polymer, which resulted from 
the penetration of the melted polymer into the open 
surface microstructure of the Zn • Ph layers. These 
physicochemical factors, contributing to the devel- 
opment of adhesion force 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 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 disso- 
ciation resulted in the formation of the Na-related 
sulfur compounds, such as Na-sulphide, N;i-sulphite. 
and Na-rfiilphate. However. I.he rale of cathodic de- 
lamination of PPS lor I he PPS/Zn • Ph system was 
considerably lower than thai lor the PPS /steel 
system. 

The adhesive bonds of the PPS/Zn- Ph systems 
displayed an outstanding bond durability against 
attack by a hot H..SO., solution containing NaC-l. In 

contrast, the bonds of the PPS/steel systems failed 
after exposure for only 8 days to this hot-acid so- 
lution. The major reason for this failure was due to 
FeS04 —*■ Fe2(SO.i);{ phase transformation in the 
intermediate layers. The formation of Fe2(S04>3 
may be deduced from the acid-catalyzed oxidation 
of the FeS04 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- 
76CH00016 and supported by the U.S. Army Research 
Office Program MIPR-ARO-119-91 and the Physical Sci- 
ences Department of the Gas Research Institute under 
Contract. No. 5090-260-1948. 

REFERENCES 

1. T. Sugama and N. R. Carciello, Int. J. Adhesion Ad- 
hesives, 11, 97 (1991). 

2. J. B. Sardisco and R. E. Pitls, Corrosion, 21, 245 
(1965). 

3. C. Milton, Corrosion, 22, 191 ( 1966). 
4. A. L. Martin and R. R. Annand, Corrosion, 36, 297 

(1981). 
5. T. Sugama and J. Pak, Adu. Mater. Manuf. Proc, 6, 

227 (1991). 

6. T. Sugama, L. E. Kukacka, N. Carciello. and J. B. 
Warren, J. Maler. Sei., 26, 1045 (1991). 

7. M. P. Seah and W, A. Denen, Surf. Interface Anal.. 
1.2 ( 1979). 

8. II. Leidheiser Jr. and W. Wang, in Corrosion Control 

By Organic Coatings. H. Leidheiser. Jr. (ed.). NACE. 
Houston, TX, 1981, pp. 70-77. 

9. T. Sugama. L. E. Kukacka, N. Carciello. and J. B. 
Warren, J. Coat. Tech.. 61, 43 ( 1989). 

10. N. S. Mclntye and D. (1. Zetaruk. Anal. Chem.. 49, 
1521 (1977). 

11. T. Sugama, L. E. Kukacka, N. Carciello. and J. B. 
Warren, J. Mater. Sei.. 22. 722 ( 1987). 

12. H. Binder, Z. Natürforsh. B28, 255 I 197:5). 
13. B. J. Lindberg, K. Hamrin, G. Johansun et al., Phys. 

Scr., 1. 277 ( 1970). 

14. ■). C. Carver, G. K. Schweitzer, and T. A. Carlson, J. 
Chem. Phys.. 57, 973 < 1972). 

lf>. T. Sugama. L. E. Kukacka. N. Carciello, and J, B. 
Warren. J. Mater. Sei.. 23, 11)1 ( 1988). 

16. T. Sugama. L. E. Kukacka. ('. R. Clayton, and H. C. 
Hun. ■/. Adhes. Sei. Tech..  I. 265 I 11)871. 

17. 1). Brings and M. I*. Seah. Practical Surface Analysts 
hy AttfU'r and X-ray I'holtie/cctron Spectmsctipy. John 
Wiley. New York. 1985. p. ,!S5. 

Received March 25. Iim I 
Accepted September :i. I i till 



APPENDIX B 

POLYMETALLOSILOXANE - RELATED PUBLICATIONS 



Progress in Organic Coa tings, /S{19 90)173-196 173 

POLYTITANOSILOXANE COATINGS DERIVED FROM 
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Summary- 

Amorphous polytitanosiloxane (PTS) was formed by hydrolysis- 
polycondensation and hydrolysis-polycondensatiori-pyrolysis reaction 
mechanisms of precursor sol solutions consisting of monomeric organo- 
silanes, Ti(OC2Hs)4, methanol, water and hydrochloric acid, over the 
temperature range 100 - 5.00 °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 HCl, 
which was used as a hydrolysis accelerator for the organosilanes and 
Ti(OC2Hs)4, acts to produce a clear sol solution, thereby aiding in the 
formation of smooth and uniform coating layers; (2) the organosilane to 
Ti(OC2Hs)4 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)4 (where R is CH3, C2HS, C3H7 

or C4II9), 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-poly condensa- 
tion processes, has been investigated previously [1, 2]. These authors re- 
ported that the incorporation of Ti(OR)4 into the organosilane system 
improved mechanical properties such as the modulus of elasticity and tensile 
strength of the organosiloxane polymer. It has also been reported that the 
addition of excessive amounts of Ti(OR)4 to the systems results in large 

*This work was performed under the auspices of the U.S. Department of Energy, 
Washington, D.C. under ConLract No. DE-AC02-76CH00016, and supported by the 
U.S. Army Research Office Program MIPR-ARO-102-89. 

0033-0655/90/53.50 © Elsevier 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 sol-gel polycondensa- 
tion process involving tetraethylorthosilicate, Si(OC2H5)4, 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 zinc 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 standpoint of adhesion to metals, 
it has been emphasized that hydroxy-terminated end groups in the assembled 
polysilane macro molecules react favorably with hydroxylated metals to 
form strong covalent bonds [5,6j. 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 polymeric materials synthesized through hydrolysis- 
condensation reactions of Ti(OR^-incorporated organosilane monomeric 
mixtures over the temperature range 100 - 500 CC. 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 conformati.onal 
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)4 used as original starting materials. 

As an approach to obtaining such information, it was decided to 
examine three topics. First, emphasis was placed on the pyrolytic coinforma- 
tional changes and the mechanisms of Ti compound-modified organosilane 
polymers formed at various Ti(OR)4 to organosilane monomer ratios. In this 
study, the 3-glycidoxypropyltrimethoxysilane (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- 



TABLE 1 

Organosilanes used in the present study 
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Organosilane Chemical formula 

tetraethoxysilane (TS) Si(OC2H5)4 

1,2-his(lrimetlioxysilyI)ethanc (BTSE) (H;,CO);,Si(CH2)2Si(OCH;03 

ß-V)A -e | >o x yc yc I o I u: x y I )cth y I tr i - \ Sj;— (C H2):— Si (O C H i h 
mothoxysilane (ECS) 

3-glycidoxypropyItrimethoxysilane (GPS)     CH-,   CH— CH2— O—(CH2)3—Si(OCH3)3 

3-aminopropyltrimethoxysilane (APS) H2N—(CH2)3—Si(OCH3)3 

N-(CH2)3-Si(OC2Hs)3 jV-[ 3-(triethoxysilyl)propyl 1-4,5- 
dihydroimidazole (TSPI) N- 

TABLE 2 

Compositions of clear precursor solutions used I'or various GPS/Ti(OC2H5)4 ratios 

GPS/Ti(OC2Hs)4       GPS Ti(OC2Hs)4 
(wt. ratio) (wt.%)       (wt.%) 

CHjOH     Water HC1 (wt.%)/ 
(wt.%)       (wt.%)       [GPS + Ti(OC2Hs)4 

100/0 50 0 30 20 10 
80/20 40 10 30 2 0 10 
60/40 30 20 30 20 20 
40/60 20 30 30 20 30 
30/70 15 3 5 30 20 40 

forming materials were the Aldrich Chemical Company, Inc., and Petrarch 
Systems Ltd. The titanium alkoxide was titanium(IV) ethoxide, Ti(OC2- 
Hs)4l supplied by Alfa Products. 

The film-forming mother liquor which served as the precursor solution 
was prepared by incorporating the organoalkoxysilane/Ti(OC2H5)4 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 be very important to add the HC1 as a hydrolysis accelerator 
to the blending material, thereby forming a uniform coating film on the 
metal substrates (see Table 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.%. Si, 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.% 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 acetone-soaked tissues to remove any organic contamination. 
They were then immersed in chromic-sulfuric acid (Na2Cr2CV 2H20:H2S04: 
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 into 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 yield 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 cm2. The polarization curves con- 
taining the cathodic and anodic regions were measured at a scan rate of 
0.5 mV s-' over a corrosion potential, range of—1.2 V to —0.3 V. 

Results and Discussion 

Ti(OC2H5)4-modified GPS system 
The mix compositions for the GPS/Ti(OC2H5)4-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(OC2Hs)4 
ratio was varied so that the concentration of HC1 needed to produce a clear 
precursor solution was mainly dependent upon the GPS/Ti(OC2H5)4 ratio. 
As the proportion of Ti(OC2Iifj4 increased, the required amount of HC1 
was increased to form Ti compounds which were susceptible to hydrolysis. 
The HCl-catalyzed hydrolysis of Ti(OC2H5)4 may be depicted as follows: 
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=Ti-OC,H< + H+ + Cl' =Ti-Cl + C2H5OH 

=Ti-Cl + H,0 =Ti-OH + HC1 

Figure 1 depicts the IR absorption spectra for powder samples contain- 
ing OPS to Ti(OC2Hs)4 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(OC2H5)4-free bulk GPS polymer samples [see Fig. 1(a)], it appears 
that the broad peak at ca. 3450 cm-1 and the weak peak at 1615 cm-1 

are due to the O—H stretching vibration of hydroxy groups and the 
H—O—H bending vibration of H20 molecules, respectively. The strong peaks 
at 2950 and 2880 cm"1 are ascribed to the C—H stretching mode in the 
methyl groups in conjunction with the C—H bending mode at 1460 
and 1390 cm"1. "The stretching of the Si—CH2— bond in the Si-joined propyl 
groups is confirmed by the pronounced peak at 1115 cm"1 [9,10]. It is 
well known that the peak at 1040 cm"1 identifies the Si—O—Si 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 cm"1 corresponds to the bending mode of the O—Si—O bond 
[11]. The bands at 3030, 1265, 917 and 837 cm"1 which were assigned to 
the terminal epoxide rings, CH2—CH—, in the monomeric GPS, no longer 

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- 

4000        3500 3000 1600     1400     1200     1000      800      600 
Wavenumber.   cm" 

Fig. 1. IR absorption spectra for powder samples heated at 200 °C and having the follow- 
ing GPS/Ti(OC2Hs)4 ratios: (a) 100/0; (b) 80/20; (c) 60/40; (d) 40/60; and (e) 30/70. 
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ciated with cleavage of epoxide rings caused by the HCl-catalyzed hydrol- 
ysis resulting in the transformation of CH-r—CH ■~v- groups into CH-,—CH ~-~ 

<0/ •        tl      d)H 
groups [13]. 

When compared with the spectral features of the sample containing a 
GPS/Ti(OC2H5)4 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 cm-1. The major assignments of this doublet 
relate directly to the Si—CH2 and Si— O—Si bonds. 

With the exception of those in the wavenumber region 800 - 600 
cm-1, 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 in the peak intensity at 700 cm-1 which corresponds to the C—Cl 
bond in the Cl—CH2—CH~~~ groups. Thus, the intensity of this peak di- 

OH 

minished as a higher proportion of Ti(OC2Hs)4 was added to the GPS. As 
is evident from the appearance of a peak at ca. 625 cm-1 for the 30/70 
ratio sample [Fig. 1(c)], the addition of an excessive amount of Ti(OC2- 
H5)4 seems to result in the production of a crystalline titania (Ti02) in the 
polymeric organosilane layers.. It is very surprising that a prominent peak near 
930 cm-1, which would be attributable to the Si—O—Ti. bond arising from 
the formation of the polytitanosiloxane (PTS), is not apparent in any of 
the spectra for the Ti(OC2H5)4-modified organosilane polymer 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 titania derived from the hydrolysis of 
Ti(OC2H5)4 appears to react preferentially with the C—Cl groups rather 
than with the süanol 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: 

-HO. 
=Ti-OH + C1-CH2-CH — ► ^Ti-0-CH2-CH— + HC1 

OH OH 

This suggests that the shoulder absorption bands detected at ca„ 1290 cm-1 

in the Ti compound-modified GPS polymer systems may be attributed to 
the Ti—0—C linkages in the sTi—O—CH2—CH — 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 observed 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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300"C 

4000        3500 3000 1600     1400     1200     1000      800      600 

Wavenumber,   cm"' 

Fig. 2. [R absorption, spectra for powder samples heated at 300 °C and having the follow- 
ing GPS/Ti(OC2Hs)4 ratios: (a) 100/0; (b) 80/20; (c) 60/40; (d) 40/60; and (e) 30/70. 

the Si—O—Si bonds at 1040 cm-! toward a higher wavenumber (1055 cm-1); 
(2) disappearance of the peaks at 1115 cm-1 and 700 cm-1 which correspond 
to the Si—CH2 and C—Cl bands, respectively; and (3) a considerably di- 
minished intensity for the peaks at 2950, 2880, 1460 and 1390 cm-1. This 
implies that heating to 300 °C leads to the elimination of a large number of 
carbonaceous groups such asCH20 and CH3CHO from the polymeric organo- 
silane networks- The conversion of the polymeric organosilane into the 
inorganic polysiloxane network structure occurs around this temperature. 
It is also evident from the weak peak at 1615 cm-1 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 cm"1 indicates the formation of PTS networks. In 
conjunction with the Si—O—Si band at ca. 1050 cm-1, it is possible that 
PTS can be produced at 300 °C through the network transition processes 
shown below. 

At high temperature, pyrolytic changes in conformation appear to 
occur while numerous organic groups are eliminated from the Ti-incor- 
porated organopolysilane network structures. Once the transition is com- 
pleted the Ti elements located in the networks act as a crosslinking agent 
which connect directly between the polysiloxane chains. The extent of 
Ti crosslinking depends mainly on the GPS/Ti(OC2H5)4 ratio. This is evident 
from the absorption intensity at ca. 930 cm-1 which becomes weaker as the 
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proportion of Ti(OC2Hs)4 is increased. As seen from the spectrum for the 
40/60 ratio sample (Fig. 2(d)}, a very weak band is present at 930 cm-1, 
The strong peak near 625 cm"1 reveals the formation of a large amount of 
Ti02. From the above information, it can be concluded that to assemble 
highly crosslinked PTS networks at 300 °C, it is essential that the proper 
ratio of GPS to Ti(OC2Hs)4 be employed. 

When the heat-treatment temperature was increased to 400 °C, the peak 
in the 2900 cm-1 region of the IR spectra disappeared for all the samples. 
This is shown in Fig. 3 and suggests that the residual organic compounds 

4000        3500 3000 1600     1400     1200     1000      800      600 

Wavenumber,   cm"1 

Fig, 3. IR absorption spectra for powder samples heated at 400 °C and having the follow- 
ing GPS/Ti(OC2Hs)4 ratios: (a) 100/0; (b) 80/20; (c) 60/40; (d) 40/60; and (e) 30/70. 
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were virtually removed completely from the PTS networks. 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, 
X-ray powder diffraction (XRD) analyses were performed on the 100/0, 
60/40 and 40/60 ratio samples heat-treated at 200 °C and 500 °C, respective- 
ly. The resulting XRD patterns extending over the diffraction range 0.163 - 
0.404 nm are depicted in Fig. 5. No spacing lines were detected over this 

4000 3500 3000 1600     1400      1200     1000      800       600 

Wavenumber,   cm"1 

Fig. 4. IR absorption spectra for powder samples heated, at 500 °C and having the follow- 
ing GPS/Ti(OC2H5)4 ratios: (a) 100/0; (b) 80/20; (c) 60/40; (d) 40/60; and (e) 30/70. 

200°C 

55 
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0.169n "»              0.lö9nm 0.236nm 
0.050nm 

,  i  , 

500 C 

J 

50 4 5 35 30 25 40 
Cu Ka 20 

I-'itf. 5. XRD traces lor (a) 100/0, (b) (iO/4.0, (c) 40/GO GPS/Ti(OCiH5)4 ratio samples 
heated at 200 CC, and Tor (<!) 100/0, (e) 60/4 0 and (f) 40/60 GPS/Ti(OC-2Hs)4 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 contrast, 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 (Ti02) crystallites in the organo poly si lane layers. Based upon the 
growth of the anatase line intensities upon heating to 500 °C, the amount of 
anatase crystals formed in the amorphous network structure seems to in- 
crease with temperature. Hence, it appears that high proportions of Ti(OC2- 
H5)4, as in the 40/60 and 30/70 ratio samples, result 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 films 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 pm range. The 
morphological and topographical alterations in the coating surface as a func- 
tion of both the GPS/Ti(OC2H5)4 ratio and the heating temperature were 
investigated using SEM methods. 

Figure 6 depicts the SEM images for coatings treated at 200 °C. The 
surface micro texture views of the 100/0 [Fig. 6(a)] and 60/40 [Fig. 6(b)] 
ratio 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 micro crack was observed for the 40/60 
ratio coating [Fig. 6(c)]. Increasing the Ti(OC2H5)4 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 between the film and substrate. 
Such stresses generated at the film-substrate interface result in the dis- 
bondment 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(OC2H5)4 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 elimination of carbonaceous compounds occurs 
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Fig. 6. Scanning electron micrographs for coating films derived from GPS/Ti(OC2H5)4 

systems heat-treated at 200 °C. The micrographs correspond to the following GPS/Ti- 
(OC2Hs)4 ratios: (a) 100/0; (l>) 60/40; (c) 40/60; and (d) 30/70. 
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Fig. 7. Comparison of f'ilm surface morphologies for GPS/Ti(002^5)4 coatings heat- 
treated at 300 °C. The micrographs correspond to the following GPS/Ti(OC2Ms)4 ratios: 
(e) 1 00/0; (f) 00/40 ; and (R) 40/60. 
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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 um from the edge of a crack, revealed 
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Fig.  8.   SEM  images and EDX analyses of 60/40 GPS/Ti(OC2Hs)4 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 film 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 substrate. 
A possible reason 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 organosilane polymer. The secondary predominant element 
was oxygen. The percentages of detected silicon, titanium and chlorine 
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 surface 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 also observed. This relates to Cl—CH2—CH— which is completely 

COH 

eliminated at 300 °C from the sample surfaces. In contrast, marked increases 
in atomic concentrations were noted for O, Si and Ti between 200 DC 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 IR 
data discussed earlier in this paper, viz. conformational changes to the 
inorganic PTS polymer from Ti compound-modified organosilane polymers 
occur over the temperature range 200 - 300 °C. 

The Ti oxide-organosilane polymer -► PTS transitions can also be 
identified from the spectra in the Si2„ and Ti2p core level regions which are 
of particular interest. The binding energy (BE) scale for these spectra were 
calibrated with the C)s peak of the carbonaceous and contaminated hydro- 
carbon peak fixed at 285.0 eV as an internal reference standard. Figures 
10 and 11 represent the Si2p photoemission and Ti2p doublet separation 

101.1 
Si?o 

101.7 

468 464       460       456 

Binding Energy,   eV 
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Fig. 10. Si2p spectra for GPS/Ti(OCjHs)4 60/40 ratio coating surfaces thermally treated 
at (a) 100 °C, (b) 200 °C, (c) 300 °C and (d) 400 °C, respectively. 

Fig. 11. Tt2p separation spectra for GPS/TifOCjHV^ 80/40 ratio coating surfaces ther- 
mally treated at (a) 100 °C, (b) 200 °C, (c) 300 °C and (d) 400 6C, respectively. 
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spectra for thermally treated 60/40 ratio coating surfaces. In the Si2p 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 organ o- 
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(c)]. No further shift occurred for the coating surface heat-treated at 
400 °C [see Fig. 10(d)]. 

Trends similar to those for the Si2p signal were observed in the sep- 
aration spectra for the Ti2p and Ti2p , lines. These are shown in Fig. 11. 
Specifically, the Ti2p peak remained at a separation distance of 5.7 eV 
between the 2p3/2 and the 2p1/2 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 Si2p and Ti2p 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 dato were obtained from 
the polarization curves for coated aluminum samples upon exposure in an 
aerated 0.5 M NaCl 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 is commonly described as the critical pit initiation potential. 
The curves also exhibited a short Tafel 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 7corr by extrapolation of the cathodic Tafel 
slope. This has been undertaken for all the specimens studied in this work, 
and the variation in the /corr 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 GPS/Ti(OC2Hs)4 ratio and the treatment temperature. For the coating 
series preheated at 100 °C, the highest /cnrr value measured was 2.6 uA for 
the 30/70 ratio coating. Since a low /Ci)rr 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 cracks prob- 
ably caused by the conversion of in situ sintered crystalline titania in the 
amorphous coating layers. As expected, the /Clirr value for the 30/70 coatings 
treated at higher temperatures remained essentially constant. In contrast, 
the 100/0, 80/20 and 60/40 ratio coatings pretreated at 100 °C exhibited 
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Fig.   12. Variation in the corrosion current icoxt for aluminum substrates coated with 
various GPS/Ti(0C-jHs)4 ratio systems as a function oC the film-treatment temperature. 

7corr 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 /corr 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 /cotT-temperature relations for the 80/20 and 60/40 ratio 
coatings indicate that although microcracks form on the film surfaces at 
>300 °C, the /corr 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 60/40 ratio samples appears 
poor. 

Ti(OC7Hz)A-modified organosilanes 
On the basis of the above information obtained from the Ti{OC2H5)4- 

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 solution composed of 30 
wt.% of the particular organosilane, 20 wt.% Ti(0C^Hs)4, 30 wt.% CH3OH 
and 20 wt.% water was employed to produce the PTS polymers. The re- 
quired concentrations of the HC1 hydrolysis promoter needed to prepare 
clear precursor solutions 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(OC2H5)4, 
respectively. 

Since the presence of Si—O—Ti linkages in the PTS can be readily 
identified from the IR absorption peak at ca. 930 cm"1, the extent of the 
densification of this linkage was estimated by comparing the absorbances 
at ca. 930 cm"1 for the PTS samples derived from the various organosilane- 
Ti(OC2H5)4 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- 
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Fig. 13. Changes in the IR absorbance corresponding to the Si—O—Ti bond at ca. 930 
cm-1 for T[ compound-incorporated organosilanes preheated at temperatures within the 
range 200 - 500 °C. 
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fication of Si—O—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 as organosilanes having only hydrolyzable alkoxy groups 
(OCH3 and OC2Hs) bound to silicon, but they do not have any terminal 
functionalities. Both materials exhibited high absorbance values at ca. 
930 cm-1 after pretreatment at the relatively low temperature of 200 °C. 
This implies that a PTS containing a highly densified Si—O—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(OC2H5)4-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(OC2H5)4-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 densification of Si—O—Ti bonds. In- 
creasing the pretreatment temperature above 300 °C resulted in a decrease 
in absorbance, but the extent of 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 hydrolyzed organosilanes containing an amino, 
i.e. —NH2, group or no reactive terminal groups, and the OH groups in 
hydroxylated Ti compounds, lead to the formation of Si—O—Ti bonds: 

-H20 
=Si-OH + HO-Ti= > =Si-0-Ti= 

In contrast, an absorption peak at 930 era'-1  was not detected for 
GPS-,   ECS-  and  TSPI-Ti(OC2Hs)4 systems pretreated at 200 °C. These 

organofunctional   silanes   contain   acyclic,   CH2 CH—,   and   alicyclic, 

—CH CH—, oxirane rings and a dihvdroimidazol,   I     N—, ring, and thev 
N=/ 

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 Cl~ and H+, rather than the silanol formed by acid-catalyzed 
hydrolysis of alkoxylsilane in the organofunctional silane structures: 

— HCl 
=Ti-OH + C1-CH,-CH-   ► =Ti-0-CH2-CH- 

A H OH 

-HCl 
=Ti-OH + Cl—CH—CH—    ► =Ti—O—CH—CH— 

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—CH2 linkage [21 - 23]. This breakage leads to the forma- 
tion of a Cl-substituted end group which then reacts with the hydroxylated 
Ti compounds: 

\ 
|      N-(CH2)3-Si-   + H+ + C\"   ►   I      N-H  + Cl-(CH2)3-Si- 

1 ~HC1 ! 
=Ti-OH + Cl-(CH2)3-Si > -Ti-0-(CH2)3-Si- 

As reported earlier, a prominent IR peak at ca. 930 cm"1 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 
to300°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 amino functionary yields 
moderate densification of Si—O—Ti linkages 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—O—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-Ti(OC2H!!)<j system, The 
film thicknesses of the TS-, ECS-, APS- and TSPI-Ti(OC2Hs)4 systems, 
precured at 100 °C for 20 h, were 9.0, 12.5, 11.8 and 11.0 ßm, respectively. 

Figure 14 depicts the SEM images obtained for coating film surfaces 
preheated at 200 °C. The surface micro texture of the TS coating system 
[Fig. 14(h)], which can be classified as a PTS polymer having a highly 
densified Si—O—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 Si—O—Ti 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(j) 
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. 15(n) and 
(o)] showed no film 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, PTS 
coating films derived from the Ti(OC2H5)4-TSPI system appear to have the 
best stability at elevated temperature, possibly due to moderate densification 
of the Si—O—Ti bonds in the PTS network structure. 
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Fig. 15- Surface morphologies for (1) TS, (m) ECS, (n) APS and (o) TSPI system 
heat-treated at 300 °C. 
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Fig.  16.  SEM   micrographs  for  (p)  APS and (q) TSPI system coatings heat-treated at 
500 *C. 

The corrosion protective performance of PTS coatings derived from 
various organosilane-Ti(OC2Hs)4 systems has been determined by comparing 
the   corrosion  current  (/c values determined 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 500 °C, respectively. The resultant changes in fcorr (fiA) for 
these coating specimens are listed in Table 3. After heat treatment at 300 °C, 
the lowest /corr value (2.0 X 10~2 /iA) 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 (/corr) values for PTS coatings derived from various 
organosiIanR-Ti(OC2H5)4 systems preheated for 20 min at 300, 400 and 500 °C, respec- 
tively 

Coating system 'corr values (juA) obtained after pre treatment at 

300 °C 400 UC 500 "C 

TS-Ti{OC2Hs)4 2.3 2.5 2.8 
ECS~Ti(OC2Hs)4 2.6 X 10"' 9.1 x 10_1 1.5 
GPS-Ti(OC2Hs)4 3.5 x 10_l 6.0 X 10~' 0.5 
APS-Ti(OC2Hs)4 3.5 X 10-2 5.8 x 10_I 1.2 
TSPI-Ti(OC2Hs)4 2,0 X 10~2 ■1.6 x 10_1 9.8 x 10_i 

7corr value. These values were approximately two orders of magnitude less 
than that for the TS system. The data also indicate that the Jcon. 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 Jcorr value was still 
of the order of 10_i ßA. Hence, the findings indicate that a most effective 
PTS protection coating can be derived pyrolytically from the TSPI/Ti(OC2- 
H5)4 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- 
polycondensation-pyrolysis reactions involving clear precursor sol solutions 
consisting of monomeric organosilanes, Ti(OC2H5)4? methanol, water and 
hydrochloric acid. The purpose of the HC1 in the precursor solution was to 
promote the hydrolysis of organosilane and Ti(OC?.H5)4, thereby producing 
the clear sol solution necessary for the fabrication of uniform and smooth 
coating films. The ratios of organosilane to Ti(OC2Hs)4 in the compositions 
play a major role in forming the PTS polymer, viz. an excessive amount of 
Ti(OC2Hs)4 leads to the formation of in situ sintered anatase crystallite in 
the amorphous organosilane polymer layers rather than forming amorphous 
PTvS. 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. 



silyl)ethane (BTSE), produced PTS networks at relatively low temperatures 
(<200 °C). This network structure was formed by condensation reactions 
occurring between OH groups in hydroxylated Ti oxide compounds and the 
siianol groups in hydrolyzed organosilanes. 

It was found that when such PTS networks were derived from TS- 
and BTSE-Ti(OC2Hs)4 systems, the extent of Si-O-Ti densification was 
considerably higher than when they were derived from other systems. 
However, PTS polymers containing a highly densified Si—0~Ti bond 
yielded coating films containing numerous stress cracks and thus provided 
poor corrosion protection. In addition, breakage of the Si— O—-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 ß-(3,4-epoxycyclohexyl)ethyltrimethoxysilane (ECS)~, 3-giycid- 
oxypropyltrimethoxysilane (GPS)- or iV-[3-(triethoxysi!yl)propyl]-4,5~di- 
hydroimidazole (TSPI)-Ti(OC2H5)4 precursor systems. This indicates that 
the OH groups in hydroxylated Ti oxide compounds react preferentially 
with the Cl-terminated or -substituted end groups formed by HCl-induced 
hydrolysis of oxirane rings in ECS and GPS (or the dihydroimidazole groups 
in TSP1) rather than with the siianol 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 moderate densification of Si—O—Ti bonds. Further in- 
creases in pre treatment 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- 
ethoxysilyl)propyl]-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 investigated. The coatings were prepared through the hydrolysis-dehydrochlorinating and dehydrating 
condensations-pyrolysis reactions of a sol-precursor solution consisting of N-(3-<triethoxysiJyl)propyl]-4.5-dihydroirnjdaxole, 
GdOC2H5)4< water. CH3OH. and HCl. Six factors were important in obtaining a good film: (1) the high spreadabllity of the 
sol solution on the AI surfaces: (2) the formation of organopolygermanosiloxane at sintering temperatures of 150°C; (3) the 
pyrolytic conversion at 350 °C into an amorphous POS network structure in which the Si-O-Ge linkages were moderatelv 
enhanced; (4) the persistence of only minimum amounts of organic by-products: (5) the non-crystalline phases: and (6) the 
formation of interfacial oxane bond between PGS and aluminum oxide. 

I.  Introduction 

Ceramic coalings have not yet been widely em- 
ployed on aluminum and magnesium alloys, and 
on other low melting-point metal substrates. There 
are two main reasons for this. First, coalings must 
adhere well and have an appropriate expansion 
coefficient, especially during temperature cycling, 
otherwise the coating will separate from the sub- 
strate. Second, many ceramic coatings must be 
applied and processed at high temperature 
( > 1000 °C), using expensive and time-consuming 
methods, such as chemical vapor deposition. 

To solve these problems with conventional 
ceramic coalings, our previous work (1.2] focused 

upon the synthesis of pre-ceramic inorganic poly- 
metallosiloxan (PMS) polymers, and upon the 
characteristics of the synthesized PMS as corro- 
sion-protective coatings on aluminum substrates. 
The polymers were synthesized through the hy- 
drolysis-dehydrochlorinating and dehydrating 
condensations-pyrolysis reactions of sol-gel 
'paint' precursor solutions, consisting of N-[-3- 
(triethoxysilyl)propyl]-4.5.-dihydroimidazole 
(TSPI). the metal alkoxides. M(OR»4. (where M is 
Ti or Zr. and R is C:HS or C\HU). with hydro- 
chloric acid as a hydrolysis accelerator, and 
methanol. and water. We suggested that this reac- 
tion occurs in the following sequence. 

(1) HCI-catalyzed    hydrolysis   of   TSPI    and 
= M(OR) at room temperature. 

N *., 
IM—<CH,), —Si«X.\Hs), 

Tins work was performed under the auspices of the tiS 
Oepanmeni of Kncrgv. Washington. IX under Contract 
No. I>r>A(.'02-76Cll(XHH6. and Mipponcd hv the US Armv 
Research Office Program MEPR-AH()-10VW. 

Cl —(CH,), —Si<OH), 

= M(()R) 

Nil 

= M<OH); 
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(2) dehydrochlonnacing and dehydrating con- 
densation at the sintering temperature of 150°C. 

= M(OH) + C1—(CH,)3— Si(OH)3 

 >   =M — O—(CH3)3 — Si= + =Si — 0 — (CH2)3 — Si= + =M — O — M = 

+ =Si — O— M= + riHCi + nH20; 

(3) pyrolysisat 350 °C, 

M M 

M — O — (CH:),— Si = 
:Si—O—{CH,)3 — Si = 

=M—O—M= 
= Si —O—M^ 

o o 

■Si —O—Si^-rt 

In the first reaction stage, the HCl-catalyzed hy- 
drolysis of TSPI  promotes the cleavage of the 
N-CH2- linkage, and then breakage of this bond 
leads to the formation of the imidazoline deriva- 

tive, N 
NH 

and the organosilanol compounds containing Cl- 
substituted end groups. At the same time, the 
hydrolysis of the metal alkoxides 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 volatilization of carbonaceous species from 
the sintered compounds. When this PMS was used 
as a corrosion-protective coating for aluminum 
substrates, we found that two factors were im- 
portant in making uniform, continuous coatings 
on the substrates: (l) the degree of densification 
of metal-O-Si linkage, and (2) the bond forma- 
tion at the PMS-aluminum interfaces. 

As pan of our work to develop the advanced 
PMS coatings, our objectives were to examine the 
characteristics of polygermanosiloxane (PGS) de- 
rived from the sol-gel solution containing two 
main film-forming components. TSPI and ger- 
manium ethoxide [üe(OC2H5)4], and to investi- 

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

2, Experiments 

2.1.  Materials 

N-[3-{triethoxysily)propyl]-4.5,-dihydroimida- 
zole (TSPI). supplied by Petrarch Systems Ltd.. 
was used as a network-forming monomeric 
organoaikoxysilane. The germanium (IV)-ethoxide 
[Ge<OC2H5)4] obtained from Alfa Products was 
employed as a cross-linking agent. 

The film-forming mother liquor which served 
as the precursor solution was prepared by incor- 
porating the TSPI-Ge(OC,H5)4 mixture into a 
medium of methyl alcohol/ water containing HC1 
as a hydrolysis accelerator. To produce a clear 
precursor solution, it was very important to add 
the HO to the blending material, thereby forming 
a uniform coating 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, containing the following chem- 
ical constituents: 92 wt% Al, Ü.5 wt^ Si. 0.5 wiSr 
Fe. 4.5 wt% Cu, 0.5 wi% Mn. 1.5 wt^ Mg. 0.1 wi\- 
Cr, 0.25 wt% Zn. and 0.15 wt$ other. 

The oxide etching of the aluminum was carried 
out in accordance with a well-known commercial 
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Table 1 
Compositions of clear precursor solutions used in Ge(OC\Hj)4-TSPl systems 

TSPt/GetOO H,)4 TSPt GetOC, H<>4 C:H 3OH Water HCI (wi%)/ 
(wi ratio) (wt<£) (wt%> (wt< I) (wl%) TSPI- 

Ge(OQH5)4 

100/0 50 - 30 20 15 
«W/10 45 5 30 20 J5 
SO/20 40 10 30 20 15 
70/30 35 15 30 20 15 

sequence called ihe Forest Products Laboratory 
(FPL) process [3]. As the first step in the prepara- 
tion, the surfaces of the sheets were wiped with 
acetone-soaked tissues to remove any organic con- 
tamination. They were then immersed in 
chromic-sulfuric acid (Na,Cr;07 • 2H-.0 : 
H,S04; 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 in air for 15 min at 
50 ° C 

Coating of the aluminum surfaces using the sol 
system was performed in the following sequence. 
The FPL-etched aluminum substrates were dipped 
into the precursor solution at ambient tempera- 
ture. The substrates then were withdrawn slowly 
from the soaking bath, after which they were 
preheated in an oven for 20 h at 150°C to yield a 
sintered coating. The samples were subsequently 
annealed for 30 min at temperatures up to 350°C. 

2.2.   Measurements 

The surface microstructure of the films formed 
on Al surface at 350°C were observed with scan- 
ning electron microscopy (SEM). The surface-in- 
terface chemical components and states of the 
PGS-coated Al substrate samples were also in- 
vestigated using X-ray photoelectron spectroscopy 
(XPS). 

The electrochemical testing for data on corro- 
sion was performed with an EG & G Pnnceton 
Applied Research Model 362-1 corrosion mea- 
surement system. The electrolyte was a 0.5M 
sodium chloride solution, made from distilled 
water and reagent grade sail. The specimen was 
mounted in a holder and then inserted into a 
EG & G Model K.47 electrochemical cell. The tests 
were conducted in an aerated 0.5M NaCl solution 
at 25 °C. on an exposed surface area of 1.0 crrr. 
The polarization curves containing the cathodic 
and anodic regions were measured at a scan rate 
of 0.5 mV/s in the corrosion potential range of 
-1.2 to -0.3 V. 

The combined techniques of thermogravimetric 
analysis (TGA), differential thermal analysis 
(DTA), infrared (IR), and X-ray powder diffrac- 
tion (XRD) were used to examine the changes in 
conformation, the degree of Ge-O-Si linkage, 
and the in situ phase transformation of the 
Ge(OC:H.,)d-modified organosilane polymers at 
temperatures up to 350°C. 

The extent to which the precursor solutions 
wetted the FPL-etched Al surfaces was estimated 
from the values of contact angle measured within 
the first 20 s after dropping the solution on the 
surfaces. 

3.  Results 

3.1.   Thermal   characteristics   of   Ge-incorporated 
organosilane compounds 

Before surveying the properties of the pyro- 
genic polygermanosiloxane (PGS) films deposited 
on the aluminum (Al) substrates, we investigated 
the thermal behaviors of the Ge-incorporated 
organosilane sinters derived from the sol-gel pre- 
cursor solution using TGA-DTA. IR, an XRD. 
These measurements gave us data on thermal de- 
composition, phase transformation, and pyrolys- 
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is-induced change and rearrangements in molecu- 
lar conformation. 

A thermal analysis, combining TUA and DTA. 
revealed the decomposition characteristics during 
pyrolysis of l50°C-sintered powder samples (fig. 
1). The TGA data for the control, a sample with a 
ratio 100/0 of TSPI/Ge(OC:H5)4, showed a 
slight decrease between 0 and 100°C followed by 
a large decrease between 300 and 450 °C, and a 
smaller decrease between 500 and 700°C. At tem- 
peratures > 700 °C. no further changes were seen 
in the TGA and DTA data. The weight loss occur- 
ring at each individual stage in the three-step 
decomposition process gave the following values: 
~ i% at temperatures up to 200 "C. —21% be- 
tween 200 and 500°C. and =9% between 500 
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(OC2H5)4 was 
incorporated: the addition of Ge(OC2H5)4 toTSPI 
shifts the temperature of onset of thermal decom- 
position on the second and third stages to a lower 
value. As the DTA curves show, the temperature 
of the two prominent peaks between 300 and 
500 °C decreases as the Ge(OC2H5)4 concentra- 
tion increases. 
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Fig. 2. IR absorption spectra for the l50°C-siniered samples 
having (a.) 100/0. (b) 90/10. (c) 80/20, and (d) 70/30 ratios of 

TSPI/GefOQHj)«. 

To verify our findings, the IR spectra of .sam- 
ples sintered at 350 °C and 500 °C were meas- 
ured. Figure 2 shows the IR absorption spectra 
over the wavenumber region of 1200 to 600 cm "l 

for 150 °C-sintered powder samples having 100/0. 
90/10, 80/20. and 70/30 ratios of TSPI/ 
Ge<OC:HU)4. The spectrum for the bulk TSPI (a) 
had four pronounced bands. As described in the 
previous paper [2|, the respective bands are as- 
signed to the following absorbing species: the 
Si-C bond stretching in the Si-joined propyl 
groups at 1125 cm"1, the antisymmetric bond 
stretching of the Si-O-Si linkage at 1030 cm "'. 
the symmetric stretching of the Si-O-Si linkage al 
765 cm"1, and the C-Cl stretching in the Cl-sub- 
stituted end groups at 690 cm "'. 

When 20 parts of the total weight mass of TSPI 
were replaced by Ge(OC>H5)4. a new peak ap- 
peared at 970 cm ' in the absorption spectrum 
(c). This peak is attributed to Si-O-Ge linkages 
|4]. The peak intensity o\' the C -Cl hand at 6°t) 
cm ' decreases as the proportion of Ge(OC\l"L).. 
increases. The data also indicated that Cl in the 
Cksubstituted   end   groups   preferentially   reacts 
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Fig. 3. IR spectra for the 350° C- and 500 °C-py rolled (a) 
100/0, (b) 90/10. <c> 80/20. and (d) 70/30 TSPI/G^OCJHJ)., 

ratio samples. 

with OH groups in the hydroxylated Ge com- 
pounds derived from the HCl-cataiyzed hydrolysis 
of Ge(OC2H5)4. With a further increase in the 
proportion of Ge(OC2H5)4 to 30 parts, another 
new peak at 875 cm-1 appeared (see fig. 2(d)). 
which is attributed to the Ge-O stretching mode 
of GeOz [5]. Figure 3 shows the comparisons and 
changes in the IR spectral features of the 350 °C- 
and 500° C-pyrolyzed samples. At 350°C, the 
changes in the spectra of the samples with 100/0 
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"1 

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 cm"1. The first result is indicative of the 
removal of many carbonaceous groups from the 
polymeric organosilane networks. Such a pyrolytic 
phenomenon will lead to the third result, namely. 
the new absorption band at 1715 cm"1 is due to 

the C=0 stretching absorption in the aldehyde 
yielding pyrogenic by-products [6]. The peak in- 
tensity of the by-products decreased with an in- 
crease in proportion of Ge(OC2H5)4. 

There was no evidence for Si-O-Ge linkage at 
150°C for the 90/10 ratio sample. However, when 
this sample was pyrolyzed at 350 °C, the spectrum 
(fig. 3(b)) contained a component at 970 cm"1 

which we attribute to Si-O-Ge, corresponding to 
the formation of polygermanosiioxane (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 ratio (fig. 3(c)). By contrast, the 
incorporation of a certain amount of Ge(OC2H5)„ 
is associated with the formation of Ge02. rather 
than the Si-O-Ge linkages. The formation of 
Ge02 is deduced from the increase in intensity of 
a band at 875 cm"1, compared with that at 970 
cm"1 (see fig. 3(d)). The peak absorbance of the 
Si-O-Ge band at 970 cm-1 in the 90/10 ratio 
sample was almost the same as that of the 80/20 
ratio sample, indicating that the extent of densifi- 
cation of Si-O-Ge linkage in the PGS films is 
similar in both. The spectra for all samples exhibit 
a band, ranging from 800 to 750 cm"1, that is due 
to the symmetric stretching mode of the Si-O-Si. 
When these samples were treated at 500 °C. there 
was no evidence of the bands at 1715 cm"1 in the 
spectra of any sample. Thus, the volatilization of 
the organic species is completed at 500 °C. The 
shift of Si-O-Si band at 1055 cm-1 toward a 
higher 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 0.59 to 0.201 nm for 
the 350° C-pyrolyzed 90/10 and 80/20 ratio sam- 
ples. This finding indicates that the PGS derived 
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 Ge02 [7]; therefore, the 70/30 ratio- 
derived amorphous PGS layers contain some Ge02 

crystalline particles. 
On the basis of this knowledge, the study then 

focused upon the properties of PGS coating films 
as a barrier against corrosion of Al substrates. 
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3.2.  Properties of PGS coating films 

In dealing with the formation of uniform-con- 
tinuous PGS coating films, the magnitude of wet- 
tability and spreadability of the Forest Products 
Laboratory (FPL)-etched Al surfaces by sol pre- 
cursor liquids are among the most important fac- 
tors governing 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 Al203 surface is its ex- 
tremely hjgh susceptibility to moisture: the aging 
FPL-etched surface layer 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 from the average value of 
the advancing contact angle, 8 (in degrees), on 
this surface. The sol-precursor solution systems, 
as shown in table 1, were also used in this study. 
A plot of 0 as a function of the TSPI/Ge(OC2H5)4 

ratios, for the FPL-etched Atl surface, is given in 
fig. 4. Since a low contact angle implies better 
wetting, the resultant 0-ratio data exhibited an 
interesting feature; namely, the wetting behavior 
was improved by increasing the proportion of 
GefOC2H5)4 in the precursor systems. The 8 
value for the 80/20 ratio solution was consider- 
ably lower {2.0° vs. 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-heat 
treatment at 150°C, was observed. 

Figure 5 shows SEM micrographs for the 
l50°C-sintered 100/0. 80/20. and 70/30 ratio 
samples after pyrolysis for 30 min at 350 "C. As 
expected, the surface microstrueture of the 100/0 
ratio-coating film (fig. 5(a)) is discontinuous. Im- 
provements in the film of the 80/20 ratio sample 
can be seen in the SEM micrograph (fig. 5(b)). 
Although there were a few propagated micro- 
cracks with a flow width of =* 2 \im. there was no 
evidence of film discontinuity, nor of the sep- 
aration of the film from the substrate. By contrast, 
the surface microstructure for the 70/30 ratio-re- 

20 1- 

100/0 90/10 30/20 70/30 

TSPI/Ge(OC2H5)„ RATIO 

Fig. 4. Effect of Ge(OC2H5),, on improvement of sol soiuiion- 
v/ettability of Al surfaces. The line is drawn to connect data 

symbols. 

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

The adhesion at the interface and/or inter- 
phase between the PGS and the aluminum oxide 
is also an important factor contributing 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 
Ge3d signal was obtained. To set a scale in the 
XPS spectra, the binding energy (BE) was 
calibrated with the Cu hydrocarbon-type carbon 
peak fixed at 285-0 eV. A curve deconvolution 
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 stale. The 
80/20 ratio-PGS films suitable for XPS analyses 
were prepared on etched substrates in the follow- 
ing way: a 0.2% sol-precursor solution in de- 
ionized water was deposited over the substrate 
surfaces by spin-coating at 1000 rpm. and then the 
samples were heated for 20 h at 150°C to produce 
a sintered film. The pvrolytic conversion of the 
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I tt i    nuts/ ir I fer i ftü 

Fig. 5. SEM micrographs for 350°C-pyroiyzed (a) 100/0. <b) 80/20. and (c) 70/30 TSPl/GefOC, H5)4 ratio coating films. 

sintered film into ehe PGS film was accomplished 
by annealing for 30 min at 350 °C: the resulting 
interfaces were examined using XPS. For the pur- 
poses of comparison, a 0.2% Ge(OC2H5)4-sol 
solution in deionized water without TSPI was 
deposited on the Al oxide surfaces, and then pyro- 
lyzed at 350°C to produce a thin Ge-based com- 
pound film. 

The thickness of PGS and Ge-eompound films 
made by this method were thin enough to permit 

the photoemission signal from the underlying 
aluminum substrates to be detected. Figure 6 gives 
the germanium 3d spectra for the PGS film surface. 
and PGS/aluminum oxide and Ge compound/ 
aluminum oxide interfaces. The Ge-,d region for 
the PGS film (fig. 6(a)) reveals two resolvable 
Gaussian components at BE of 33.0 and 31.9 eV, 
corresponding to the Ge originating from the Si- 
O-Gc linkages as the major component, and the 
Ge in germanium oxides as a minor phase, respec- 
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Fig. 6. GeM spectra originating from (a) PGS surface, and lb) 
PGS/aluminum oxide, and (c) Ge compound/aluminum oxj.de 
interfaces. The vertical lines are drawn to indicate the positions 

of peaks of spectral components. 

tively [9]. By comparison, the Ge5d signal feature 
(fig. 6(b)) emerging from the critical interfacial 
zones of PGS/Al oxide indicated the appearance 

; 

10"1 J 
100/0      90/10      80/20       70/30 

TSPI/Ge(OCzH5)4 

Fig.  7.  Changes  in corrosion current.   /.„„■  of  PGS-coaled 
aluminum  substrates  us  function  of TSPI   to  GeiOC.H*)., 

ratios. The line is drawn to conned data -svmbols. 

of new component at a low BE site of 30.6 eV. 
with the principal and shoulder lines of Si-O-Ge 
and germanium oxide germaniums still present. 
To assign this new peak, we investigated the Ge 
compound/Al 203 interface induced by the pyro- 
lytic interaction between the hydroxylated Ge 
compounds (sol-precursor solution) and the ALO-, 
substrates (fig. 6(c)). The resulting curve contains 
a major line at 30.6 eV 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 AUO-, surfaces) in the 
interaction products. 

The PGS coatings were derived from the sol 
composition systems (see table 1). The corrosion 
data were obtained from the polarization curves 
for PGS-coated aluminum samples exposed in an 
aerated 0.5M sodium chloride 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 protective perfor- 
mance of coatings, the corrosion current, /C(MT, 
was measured by extrapolation of the cathodic 
Tafel slope. 

Figure 7 illustrates the variation in /corr value 
of Al substrate as a function of the ratio of 
TSPI/Ge(OC2H5)4 in the precursor sol solution. 
The Iwfr values decrease with increased propor- 
tion of Ge(OC2H5)3 up to 20 wt%; beyond this 
fraction, there was a slight increase in /corr on the 
70/30 ratio coating sample. The Lorr value of 
8.7 x 10"2 for the 80/20 ratio PGS coatings was 

10"'' 

5i10 -'[ 

FILM THICKNESS, urn 

Fig. 8.  /.„„  vs. film thickness of SO/ 20 TSPI, CiettX'.H., 
ratio-related PGS coating deposited on aluminum. The line 

drawn to connect data svmbols. 
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approximately iwo orders of magnitude less than 
that for the germanium oxide-uncross-linked 
polysiloxane coatings (100/0 ratio). The effect of 
film thickness of 80/20 ratio coatings on the 
decrease in /corr value was also investigated. The 
/corr values for the PGS coatings ranging from 
1.5 X 10"' [xm to 10 fj.m are shown in 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)4 in alcoholic aqueous media, the OH groups 
in Ge(OH)4 preferentially react with Cl in the 
chlorinated organosilanol to promote dehydro- 
chlorinating condensationv rather than with OH in 
Ge(OH)4 and -Si(OH)3 [1]. Since the Si-O-Si 
linkages also form in 150 °C '.sintered samples, the 
dehydrating condensation reactions between 
neighboring silanol 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 contributes to their conversion into the 
inorganic PGS network structures containing al- 
dehydes as pyrogemc by-products, The amount of 
aldehyde-type by-products remaining in the pyrol- 
ysis-induced inorganic phase depends primarily on 
the proportion of TSPI. This finding is reflected 
directly in the results of TGA-DTA analysis; 
namely, the weight loss of the Ge(OC2H5)4-mod- 
ified  TSPI  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 proportion of 
Ge(OC2H5)4 in the Ge(OC,Hs)4-TSPI systems 
produces a low amount of aldehydes, the incorpo- 
ration of a large amount of Ge(OC2H5)4 resulted 
in the formation of the crystalline Ge02 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 system 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 a con- 
tinuous, uniform sintered coating film. As de- 
scribed in the TSPI/Ge(OH2H5)4 ratio-contact 
angle relations (see fig. 4), an increase in propor- 
tion of Ge(OC2H5)4 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 existing at the outer- 
most surface layer of FPL-etched Al substrates 
have a strong chemical affinity with the polar OH 
groups in the adhesive, so forming hydrogen 
bonds. Because the HCl-catalyzed hydrolysis of 
Ge(OC2H5)4 induces the formation of hydroxyl- 
ated Ge soi, a possible interpretation for the en- 
hanced wetting of the Al substrate by sols with a 
high proportion of Ge(OC2H5)4 is that there is an 
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 soi, the presence of ad- 

Ge(OH)4+ Cl — (CHj)3 — Si(OH)3 

sinter at 150°C 

-nH,0.  -nHCI 

pyrolysis at 350 °C 

[Ge —(O —<CH2)3 —Si —O —Si — O—) —4]„ 

+ (Ge -<0 — (CH,) — Si — O—) — 4]„ 

[Ge —(O —Si —O —Si —O—)—4]w + lGc—«O—Si —O—) —4|,„ 

The hypothetic model of sintering-pyrolyzing processes for the formation of a I'GS network. 
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ditional OH groups do not promote wetting and 
spreading of the sol solution. In fact, we found no 
significant difference between the contact angles 
of 80/20 ratio and 70/30 ratio sols (fig. 4). 

An inspection of 350 °C pyrolysis-induced 
coating films using SEM revealed discontinuities 
in the 100/0 ratio coating. These discontinuities 
were not only caused by the poor diffusive behav- 
ior 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- 
cially GeGyrelated Ge, into the PGS films caused 
the development of a (arge number of cracks in 
the films. This finding agrees with that of our 
previous study on polytitanosiJoxane coating [1J; 
the growth of crystalline Ge02 particJes in the 
amorphous polymer phases has a detrimental 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 is clear that the 
proper proportions of TSPI to Ge(OC2H5)4 are 
an important factor in forming a good film. We 
found that the 80/20 was the most effective ratio 
of TSPI to Ge(OC2H5)4 for the sol-precursor 
system. 

The structure of the PGS-aluminum oxide in- 
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 Ge3d spectra 
(fig. 6), the additional Si2pl AI2p, and 01s core 
level spectra were also explored. In our assign- 
ments of the peaks in the Si2 , A(2p and 0ls 

regions, we used the polysiloxane (PS), poly- 
aluminosiloxane (PAS) and Ge02-Al203 com- 
pounds, as reference samples. PS was synthesized 
by the condensation-pyrolysis reaction of the 
sol-precursor solution consisting of 47 wi% TSPI, 
28 wt% CHjOH, 19 wt% water and 6 wi% HC1. 

Using the same synthesis methods, the pyrogenic 
PAS and Ge02-Al203 compounds were derived 
from the following different precursor systems: (1) 
20 wtft TSPI, 20 wt% Al(OC\H7)v 25 wi% 
CH,OH, 17 wt% water and 18 m% HC1, and (2) 
20 wt% Ge(OC2H,)4, 20 wi% AltOCjH,),, 25 
wl%   CHjOH.   17   wl%   water  and   18   wt%   HCl. 

Table 2 
Positions of XPS reference peaks in Si2p, Al2p. and Oh lesions 
for the standard compounds 

Compound Active Si2p AI* ou 
group (eV) (eV) (eV) 

PS Si-O-Si 102,8 - 532.4 
PAS Si-O-Al 101.6 74.0 531.3 
Ge02-Al203 Ge-O-Al - 73.2 530.9 
GeO, - - - 529.4 

Al,Oj - - 74.5 531.7 

respectively. In addition, the aluminum o\id<i 
(AKO3) and germanium (IV) oxide (GeO:) of 
chemical reagent grades (supplied by Alfa) were 
also employed as reference compounds. The prin- 
cipal peak positions from the Si2p, Ai2p and Ou 

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 Si2p region of the spectrum from the surface 
of bulk PGS (fig. 9(d)) indicates the presence of 
the major peak at 102.8 eV and the shoulder at 
101.6 eV. The principal line at 102.8 eV reveals Si 

107  105 103 101   99   97 

BINDING ENERGY. eV 

Fig. V. Si,p spectra originating from (d) PGS surface, .md >._■) 
PGS/aluminum oxide interface. The vertical lines are drawn to 

indicate the pox■ lions of peaks of spectral components. 
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7B      76     74     72     70 

BINDING ENERGY, eV 

Fig.  10. Al2p region of (g) FPL-etched aluminum substrate 
surface,   (h)   Ge   compound/aluminum   oxide,   and   (i) 
PGS/aluminum oxide interfaces. The vertical lines are drawn 

to indicate ihe positions of peaiis of spectral components. 

in the siloxane bonds [12]. Since the line around 
101.6 eV is due to the Si in the Si-O-metal 
linkages [2,13], it is reasonable to assume that the 
shoulder at the position of 101.6 eV is due to the 
Si belonging to Si-O-Ge bonds. Although a spec- 
tral feature similar to that of the bulk PGS was 
observed in a PGS-aluminum oxide interfaciai 
boundary (fig. 9(e)), the peak at 101.6 eV, emerg- 
ing from some interfaciai areas may be due to two 
Si components joined to the metal oxides; one is 
Si bonded to the aluminum oxide substrates, and 
other is that of the Si-O-Ge in PGS. For the Al2p 

core level spectra (fig. 10), the Al substrate in fig. 
10(g) reveals only a symmetric single peak at 74.4 
eV, corresponding to the AI in AI2Ov The Al2p 

feature (fig. 10(h)) emitted from the Ge com- 
pound/aluminum oxide interphase regions is 
characterized by an emerging shoulder at 73.3 eV. 
According to the reference peaks, this shoulder is 
attributed to Al from the Ge-O-Al linkages. Fol- 
lowing the deposition of a thin PGS film on the 

AUO-, surfaces, the Al2 regions (fig. 10(i)) indi- 
cate the presence of three resolvable components 
at 74.4, 73.8. and 73.3 eV, due to Al in Al:0-. 
Si-O-AJ, and Ge-O-Al linkages, respectively. 
From comparisons between the intensities of two 
shoulder peaks at 73.8 and 73.3 eV.. the bond 
structure formed at the PGS/A1203 interfaces is 
the Si-O-Al linkage, rather than with the Ge-O- 
Al. By comparison with the O,.. spectral feature of 
A1,03 (fig. 11 (j)), a broad spectral feature which 
obviously contains at least three components can 
be seen in the oxygen Is region of Ge compound/ 
Al2Oj interfaces (fig. ll(k)). The secondary in- 
tense peak at 531.0 eV is assigned to the bridging 
oxygen in the Ge-O-Al linkages; by contrast, the 
weak line at the position of 529.4 eV. which is 1.6 
eV lower than that of the bridging oxygen, is due 
to the non-bridging oxygen in the germanium 
oxides. The 0ls 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 529.4 eV. The two strong lines at 532.5 and 
531.5 eV are due to the bridging oxygens in the 
Si-O-Si and Si-O-Ge [14], respectively. Al- 
though the number of components is very small, it 
is evident from the weak shoulder at 529.4 eV that 
the non-bridging oxygen in the Ge02 is present on 
PGS surfaces. For the PGS/Al,0, interfaces (fig. 
Il(m>), the intensity of the non-bridging oxygen 
peak is conspicuously reduced, while a new peak 
appeares at 531.2 eV. representing oxygen in an 
interfaciai oxane bond bridging between the PGS 
and A1203. The formation of an interfaciai oxane 
bond involves both =Si-0-Al as a major struc- 
ture and =Ge-0-Al as a minor one. Thus, the 
interfaciai covalent bond structure such as s M(Si 
and Ge)-0-AI (on the surface of substrate) forms 
at the interfaces between PGS and aluminum. 
Also, we note that the peak near 531,5 eV is due 
to oxygen in either the AUO-, or the Ge-O-Si 
bond. 

Three major factors are responsible for mini- 
mizing the development of stress cracks by shrin- 
kage of pyrolyzed PGS films: (I) spreadabilily 
und mobility of Ge(OCH5)4-modified TSPI sol 
solution on aluminum oxide surfaces. {2) cross- 
linking of germanium oxides between polvsiloxane 
chains, and (3) formation of PGS-alumtnum in- 
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BINDING ENERGY.  eV 

Fig. 11. 0|, core level spectra for (j) etched aluminum sub- 
strate, (k.) Ge compound/aluminum onide interface. <1) PGS. 
and (m) PGS/aluminum oxide interface. The vertical lines are 
drawn io indicate the positions of peaks of spectral compo- 

nents. 

to a low rate of adsorption of OH" ions. In other 
words, good coverage of PGS coating films over 
Al is shown by a decrease in /c(>rr. because of the 
low penetration rate of O, and HzO reactants 
which pass through the PGS film. The lowest Iwrr 

for the Al samples coated with various ratios of 
TSPI/Ge(OC,H5)d was observed for the 80/20 
PGS sample. The reason for the slight increase in 
the 70/30 ratio sample (see fig. 7) is mainly asso- 
ciated with the presence of many microcracks in 
the film, compared with that of the 80/20 sample, 
thereby reducing protection against corrosion. It is 
clear that a PGS coating derived from the proper 
ratio of TSPl to Ge(OC:Hf )4 provides an effec- 
tive barrier to the corrosion of Al substrate. The 
film thickness of PGS also influences the rate of 
penetration of reactants. The /corr of thick PGS 
coating (see fig. 8), around 13 p.m. was approxi- 
mately one order of magnitude less than that for 

p.m. 

5. Conclusions 

terfacial chemical bonds. These factors not only 
contribute to good film-forming behavior, but also 
directly affect the corrosion protection of alumi- 
num substrates. 

As reported by several investigators [15-17], 
the localized corrosion (pitling-type corrosion) of 
Al alloys in aqueous media containing NaCl elec- 
trolyte occurs in three steps: (1) adsorption of 
reactive anions such as Cl~ and OH", on the 
aluminum oxides: (2) chemical reaction of the 
adsorbed anions with Al ion in the aluminum 
oxide lattice: and (3) dissolution of the colloidal 
reaction products. Particularly, the low rate of 
adsorption of reactive anions plays an essential 
role in inhibiting the corrosion of A! substrate. 
Since OH " ions are generated by cat hod ic reac- 
tion of Al with atmospheric reactants such as Ö-. 
and H ,(), 2H,0 + O, + 4e - 4()H \ the corro- 
sion current. /_,,„, determined on the cathodic 
curve for PGS-coated Al samples was evaluated to 
estimate the rale of OH adsorption into 
aluminum oxides: a decrease in  lnrr corresponds 

We can make the following generalized conclu- 
sions from our study. At the inierfacial contact 
zones between the so I-precursor solution and the 
FPL-eiched aluminum (Al) substrate, the magni- 
tude of welting of Al surfaces by the sol solution 
consisting of N-{3-(iriethoxysilyl) propyI|-4.5.-di- 
hydroimidazole (TSPl). HC1. CH3OH, and water 
was improved by incorporating a proper amount 
of Ge(OC2H5)4 into the sol media; this selection 
resulted in a uniform covering of the substrate 
surfaces by the sol phase. During sintering of the 
sol phases, a particular characteristic of Ge 
(OCiH_s)4-modified TSPl coaling materials was 
the formation of organo polygermanosiioxane 
structures containing Si-O-Ge bonds ai the rela- 
tively low lemperature of 150°C. The 350 °C- 
treatmenls of these organic-inorganic structures 
produced an amorphous polvgermanosiloxane 
(PGS) network that had a good coating perfor- 
mance. Further, the interaction between the PGS 
and the Al substrate induced the formation of 
covalent oxane bonds at the interlaces. PGS coat- 
ing provides good corrosion protection to Al 
against salt solutions. 
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^k 

We invest igated the vulnerability of pyrogenic polytitanosiloxane 1 PTS) coatings to attack by I U M NaOH and 1.0 VI K -St*, 
solutions. Exposure to NaOH caused breakage of the Si—O—Si bond, thereby producing water-soiuble N a-re la led silicate a no 
hydroxylaied silicon compounds. The formation of such reaction products severely damaged the coatings. During treatment with 
H:S04. SOj" preferentially reacts with the TiO: formed i» PTS layers, rather than wnh (he Si-O-Si and Si-O-Ti imkages. The 
formation of water-sol ubie titanium sulphate in this reaction led lo pitting of the coatings. 

I. Introduction 

Asa pre-ceramie-type polymer, polytitanosiloxane 
(PTS) can be synthesized through the hydrolysis- 
dehydrochlorinating and dehydrating condensaiion- 
pyrofysis reactions of a sol-gel precursor solution 
consisting of monomeric organosilanes. such as 3- 
glycidoxypropyltrimethoxysiJane. 3-aminopropyitri- 
meihoxysilane, and N-[3-(triethoxysilyI)propyl]- 
4,5-dihydroimidazole as network-forming materials, 
the titanium (IV) alkoxides. Ti(OR)d (where R is 
C2Hi and C\H7), as crosslinking agents, hydrochlo- 
ric acid as a hydrolysis accelerator, and meihanol and 
water [1 ]. The assembled PTS conformation was 
characterized as representing a Ti oxide-crosslinked 
polysiloxane network, having Si-O-Ti and Si-O-Si 
bonds. 

Because, PTS has a good film-forming perform- 
ance, excellent adhesion to metal oxides and high- 
temperaiure stability, we consider that this polymer 
is applicable as an oxidation and corrosion resis- 
tance coating on the metal substrates, particularly on 
low-melting-point   metals such  as aluminum   and 

magnesium alloys [2]. Ceramic coatings on metal 
alloys have not yet been widely employed for several 
reasons: { I) many coatings must be applied and pro- 
cessed at high temperatures ( > 1000CC). using ex- 
pensive and time-consuming methods such as chem- 
ical vapor deposition, (2) many coatings adhere 
poorly to metal oxides, and (3) many coatings lack 
a thermal expansion coefficient. The latter two prob- 
lems can result in the separation of the ceramic film 
from the substrate. 

Although pre-ceramie PTS coating appears to be 
suitable as a coating, its susceptibility to acid- and 
alkali-induced degradations after exposure to an ex- 
tremely aggressive corrosive fluid at elevated tem- 
perature has not been studied. Accordingly, our ob- 
jective in the present study was to explore the 
chemical and topographical changes of PTS film sur- 
faces exposed to 1.0 M HUSO., and 1.0 M NaOH so- 
lutions at temperatures up to 80• C. Information was 
obtained using X-ray photoelectron spectroscopy 
(XPS) and scanning electron microscopy (SEM ). in 
conjunction with energy-dispersive X-ray (EDX) 
analysis, 

* This work was performed under the auspices of the U.S. De- 
partment ol Energy. Washington. DC. under Contract No. DE- 
•U"0:-7h<..H00m6. and supported by ihe U.S. Army Re- 
search Office program MIPR-ARO-IÜ3-W. 

1 Also at: Chemistry Depart menu University of Virginia. Char- 
lollesville. VA 22901. USA. 

2. Experimental 

The N-[ 3-(iriethoxysi)yl )propyl ]-4. vdihydroim- 
idazole (TSPl). supplied by Petrarch Systems Ltd.. 

m67-577t/9l/$ 1)3.5(1 <0 WM - Elsevier Science Publishers B.V. ( 'North-Holland IS 7 
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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 liq- 
uor, which served as the precursor, was prepared by 
incorporating the TSPI-THOC^Hj),, mixture into a 
methyl alcohol/water mix containing an appropriate 
amount of HC1. The composition of the precursor 
solution expressed in wt% was TSPI, 37; 
TKOCH,)-», 9; CH3OH. 28; water, 19; and HC1, 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 150°C to yield a sintered coating.. Although some 
thermal distortions of substrate may occur, the sam- 
ples were annealed for 30 mm at 350°C. 

X-ray photoelectron spectroscopy (XPS) was used 
to study the changes in surface chemical components 
and states for the PTS-coatmg films after exposure 
for 20 min to aqueous 1.0 M NaOH and 1.0 M H2S04 

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-ray (EDX) analysis. 

3. Results and discussion 

Table 1 summarizes the changes in elemental com- 
positions for the PTS surfaces after exposure to 
NaOH and H2S04 solutions. By comparison with 
unexposed controls, the chemical changes in NaOH- 

exposed samples were characterized by the removal 
of a certain amount of Si atoms from the PTS sur- 
faces, while the concentration of Ti increased. The 
rate of elimination of Si for the 80CC 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 into the outermost 
surface sites. The H2SO,rexposed PTS film surfaces 
showed distinct differences from the NaOH-treated 
surfaces, 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 film was ex- 
posed to H2S04 solution at 80°C. These data clearly 
verified that the mechanism of alkali-induced de- 
composition of PTS surfaces is quite different from 
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 Si3p, Ti2pm, 0!s, 
and S2p regions on the PTS coating surfaces exposed 
to NaOH and H2S04 solutions at 80°C. To set a scale 
in all the XPS spectra, the binding energy (BE) was 
calibrated with the C,s of the principal hydrocarbon- 
type carbon peak fixed at 285.0 eV as an internal ref- 
erence standard, A curve-deconvolution technique 
was employed to find the respective chemical com- 
ponents from the high-resolut ion spectra of each ele- 
ment, and to determine the relative quantity of each 
chemical. 

Fig. 1 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 Si2p signal denoted as curve (a) for 
the control could be resolved into two Gaussian 

Table 1 
Changes in XPS atomic composition of PTS surface after exposure to NaOH and H2S04 solutions 

Environment Atomic concentration (%) 

Si t: N Ti O Na S 

control 22.2 26.1 5.8 J.2 42.8 - - 
25 C NaOH 15.4 28.2 4.5 6.6 40.0 5.3 - 
80- C NaOH 15.2 26.7 4.1 6.8 41.5 5.7 - 
25'CHJiO* 21.0 27.4 6.0 2.S 41.6 - 0.7 
SO-'C H2S04 20.7 27.5 6.0 2.4 42.1 - l.j 
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Fig. I. Si>„, 0,j and Tijpl/, core-levei speclra for PTS coaling sur- 
faces before (a) and afier (b) exposure io NaOH solulion ai 
80'C. 

components at 102,8 and 101.6 eV. The former peak, 
the principal surface chemical component, reveals 
the Si in the siloxane bonds (Si-O-Si) [2.3], while 
the latter is attributable to the Si belonging to the Si- 
O-Ti linkages [2.4]. The signal feature (b) of the 
NaOH-ex posed sample is strikingly different from 
that of the control: namely, a new principal peak has 
appeared at the position of 102.3 eV. while the peak 
representing the Si—O—Si bond at 102.8 cV has 
markedly decayed. According to the literature f5|. 
this new peak is associated with the formation of sil- 

icates. Relating this to the fact that a certain amount 
of Na is incorporated into the NaOH-exposed PTS 
surfaces, it is possible to assume that the silicates 
formed correspond to the Na-related silicate com- 
pounds as a reaction product, yielded by the attack 
of NaOH on the Si-O-Si linkages. The asymmetric 
feature of 0,s spectrum for the control (a) can be 
deconvolved into at least three components situated 
at 532.4, 531.3. and =s 529.4 eV. The major com- 
ponent at 532.4 eV belongs to the bridging oxygens 
binding two Si atoms (the siloxane bond). while the 
Ti-bound oxygen in the Ti-O-Si linkages relates to 
the peak emerging at 531.3 eV [6]. Assuming that 
the non-bridging oxygens such as the hydroxylateu 
silicon (Si-OH ) are present at the PTS surface, the 
weak peak at ^ 529.4 eV, which is about 3.0 eV lower 
than that of the bridging oxygens in the Si-O-Si. is 
attributable to non-bridging oxygens [7]. The inten- 
sity of this non-bridging oxygen peak increased re- 
markably as the coaling film was exposed to NaOH 
(see Ols (b) curve). 

The curve of the NaOH-exposed sample (b) also 
showed that the line intensity at 532.4 eV. originat- 
ing from the bridging oxygen in Si-O-Si bonds, con- 
spicuously decayed, while the other bridging O line 
(531.3 eV) in the Ti-O-Si linkages was converted 
into the major oxygen component. In the Ti:pj.: re- 
gion, the control (a) has two peaks: the main line at 
458.7 eV. corresponding to the titanium in the Ti- 
O-Si linkages, and the minor line at 459.2 eV, re- 
flecting the titanium oxide Ti [8 ]. The shape of the 
curve of the NaOH-exposed samples (b) resembled 
that of the control. From these data, we conclude that 
the hot NaOH solution preferentially reacts with the 
Si-0 bond rather than the Ti-0 bond. As described 
by several investigators [9-11]. such a chemical re- 
action breaks the Si-O-Si linkages. The mechanism 
of bond breakage can be represented as follows: 

Si-O-Si + Na++OH~-Si-0~Na^ + HO-Si . 

Some of Na-related silicate compounds generated 
may be dissolved in the NaOH aqueous media, be- 
cause a marked elimination of Si atom from the PTS 
surface was observed for the NaOH-exposed samples 
(see table I). 

On the other hand, earlier XPS survey scans of I lie 
H_>SO.i-exposed sample surfaces suggested, on the 
basis of the changes in atomic compositions, that the 
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Fig. 2. Ti:„j,, and S:D regions for Hz SO ..-treated (c) and un- 
treated (a.) PTS surfaces. 

noteworthy elements are Ti and S atoms. Therefore. 
we closely inspected the Tilp,,, and S2i> regions, 
shown in fig. 2. [n the TUpj,, region, the peak feature 
(c) of H2SO4-treated PTS surfaces, compared with 
that, of the control (a), was characterized by a con- 
siderable attenuation of the line at 459,2 eV origi- 
nating from Ti in the TiCX. The S2p region for H2S04- 

treated surfaces indicated the presence of the peak 
emerging at the BE position near 168.4 eV. We be- 
lieve that the assignment of this peak is due to the 
formation of sulphate-related compounds [12]. In 
correlation with a decline in the intensity of the TiO; 

utanium line, it is reasonable to assume that the sul- 
phate-related compounds formed by the attack of 
H:S04 to the TiOi are associated with titanium sul- 
phate [Ti(S04h]: 

Ti02 + 2H2S04-»Ti(SOJ)2 + -H20 . 

This finding can be supported by Tanabe and Ya- 
maguchi's [13] observations of the role of the cat- 
alytic activity between the SOi~ and the metal ox- 
ides. They reported that a high catalytic reaction can 
be observed from the S03~/ZrO:. ,/TiO:. and / 
Fe203 systems: by contrast, the SOi"/Si02 and / 
B203 systems show no catalytic behavior. 

Fig. 3 is a SEM micrograph of the PTS coatings 
before exposure to the NaOH and H2S04 solutions. 
The thickness of coating film determined with a sur- 
face profile measuring system was ^ 10 urn. As seen 
in the SEM image, such a thick film adhering to the 

ENER'Vi"    :N   ;■■=■'' 

Fig. i. SEM micrograph coupled with EDX spectra lor PTS coaling deposited to aluminum substrate. 
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substrate causes the development of" stress micro- 
cracks as the film shrinks during the volatilization of 
carbonaceous species of the sintering coaling film at 
the pyrotytic temperature. However, a crack-free 
coating film can be formed if the film thickness is 
designed to be under 2.0 um. EDX data coupled to 
SEM showed the presence of two distinctive phases 
in the surface: (I ) a smooth area (a), and (2) a 
rough area (b) which encompasses a circular shape 
isolated from 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 explicable as an amorphous PTS 
layer containing a certain amount of TiO;. 

Dramatic changes in the surface texture of the film 
were observed from 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 cracks, 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 large 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 discontinuous features. By comparison, no sig- 
nificant damage of the film was observed in the 
80°C-1.0 M H;SOd exposed sample surfaces (see fig. 
4, bottom), except for the appearance of localized 
pits. The EDX spectrum in the pitted areas (d) in- 
dicated no signal of Ti and S. We believe that these 
elements were removed due to the dissolution of 
water-soluble titanium sulphate formed by the re- 
action of TiO, with H1SO4. 

4. Conclusions 

Pre-ceramic-type polytitanosiloxane (PTS) coat- 
ing films, synthesized through the hydrolysis-dehy- 

drochorinating-pyrolysis. were exposed to solutions 
of NaOH and H2S04 to investigate the chemical deg- 
radation of the PTS film. The magnitude of suscep- 
tibility of the Si-0 link to NaOH-induced bond 
breakages was significantly higher than that of Ti-0 
in the PTS network structure consisting of Ti-cross- 
linked polysiloxane. The formation of water-soluble 
Na-related silicate compounds and hydroxylated sil- 
icon compounds from the reaction of NaOH with Si- 
O-Si linkage severely damaged the PTS film. Al- 
though the PTS films displayed a great resistance in 
HzS04, SOl~ ions preferentially reacted with TiO; 

formed locally into the amorphous PTS body, rather 
than with the Si-O-Si and Si-O-Ti linkages. The 
water-soluble Ti sulphate compounds yielded in this 
reaction led to pitting of the PTS film. 
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Inorganic amorphous polymetallosiloxane (PMS) coating films on aluminium substrate were 
produced through the polycondensation-pyrolysis reaction mechanisms of a sol-precursor 
solution. The precursor solution was formed by HCI-catalysed hydrolysis of a mixture of 
A/-[3-(triethoxysilyl)propyl]-4,5-dihydroimidazole (TSPl) and M(OC3H7)m (M = Zr, Ti and 
Al, n = 3 or 4). The TSPI/Zr(0C3H7)4 or Ti(0C3H7)4 precursor systems formed higher quality 
thin coating films, compared to the /AI(OC3H7) 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 Cl, 
bonded to the propyt C in organosilane, and the hydroxylated Zr or Ti compounds in the 
sintering stages of the film production. Good film-forming performance resulted 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 
formation of an oxane bond at the interface between PMS and aluminium provided corrosion 
protection for the aluminium substrate. 

1.   Introduction 
In the previous work [I], the inorganic polytitano- 
siloxane (PTS) polymers were synthesized by a 
polycondensation-pyrolysis reaction processes of sol- 
precursor solution systems consisting of monomeric 
organosilanes, TifOC2H5)<l.1 methanol, water and hy- 
drochloric acid. These PTS polymers were investi- 
gated for 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 converted into a 
sintered coating film by pre-heating in air at 100"C 
and then annealing at 300 C to form the pyrolysed 
PTS film. Simple dip-coating technology, a practical 
application method, offered the following two major 
advantages: {I) the possibility of placing high-temper- 
ature-performing inorganic polymeric coatings on low 
melting point metal substrates, and (2) the ability to 
coat substrates with a large surface area by a simple. 
inexpensive, and efficient method which is compatible 
with a large-scale, integrated, continuous process run 
at relatively low temperatures of less than 400"C. On 
the other hand, a serious disadvantage is the shrinkage 
of PTS films caused primarily by the release of carbona- 
ceous species during the annealing processes. This led 
to the development of stress cracks and pits, thereby 
resulting in poor protection behaviour by the coatings. 

Although the cross-linking ability of the hydrox- 
ylated Ti compounds, which connect polysiloxane 
chains, suppresses the development of these cracks, it 
was found that the degree of the shrinkage depends 
upon several factors: (I) the species of monomeric 
organosilane used as a starting material, (2) the 
organosilane to Ti(OC2H5)4. ratio. (3) the densific- 
ation of Ti-O-Si linkages, and (4) the number and 
length of the hydrocarbon chains connecting Ti and Si 
in the sintered polyorganosilane that contains tita- 
nium oxide terminated and substituted end groups, 
The most effective organosilane precursor for forming 
PTS coating films containing fewer stress microcracks, 
was iV-[3-(triethoxysily0propyl]-4.5-dihydroimidazole 
(TSPI). Thick PTS coatings (thickness, > l() urn) de- 
rived from the appropriate ratio of TSPI/Ti(OC:H5)4 

displayed good corrosion protection for aluminium 
upon exposure to NaCl solutions. 

Detailed studies regarding the hydrolysis activity of 
the HCI catalyst which plays an important role in 
forming the metal oxide cross-linked polysiloxane 
networks and in altering the conformation over the 
temperature range 100-400"C for the TSPl -titanium 
alkoxjde precursor systems, have not yet been per- 
formed. Our research focused on the use of other 
metal alkoxide species such as Al(OR)j and ZR(OR)4, 
(R=CjH7). In addition, the fabrication of thin film 
(thickness   < I urn), which may form a microcrack- 
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free coatings, because of lower rates of volatility and 
pyrolysis. was also considered. 

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

2.   Experimental procedure 
2.1.   Materials 
The N-[3-(triethoxySL]yl)propyi]-4.5,-dihydroimida- 
zoie (TSPI), was used as a network-forming mono- 
meric organoalkoxysilane. The metal atkoxides 
employed as cross-linking agent were aluminium, 
titanium(lV), and zirconium(lV) isopro pox ides. 

The film-forming mother liquor, which served as the 
precursor solution, was prepared by incorporating the 
TSPI-MiOCjH-),,, |M = Al. Ti and Zr. n = 3 or 4) 
mixture into a methyl alcohol/water mixing medium 
containing an appropriate amount of HO. In order to 
produce a clear precursor solution, it was very import- 
ant to add the HO, as a hydrolysis accelerator, to the 
blending material, thereby forming a uniform coating 
film on the metal substrates. The mix compositions for 
the precursor solution systems used in this study are 
given in Table 1. 

The metal substrate used in the experiments was 
2024-T3 clad Al sheet containing the following chem- 
ical constituents: 92 wt % Al. 0.5 wt % Si, 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 % others, 

The oxide etching of the Al was carried out in 
accordance with a well-known commercial sequence 
called the Forest Products Laboratory (FPL) process 
[2]. As the first step in the preparation, the surfaces 
were wiped with acetone-soaked tissues to remove any 
organic contamination, They were then immersed in 
chromic-sulphuric acid (Na,Cr,0-. 2H20: H,S04: 
water = 4:23:73 by weight) for 10 mm at 80 X. 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 Al surfaces using the sol system was 
performed in accordance with the following sequence. 
The FPL-etched Al substrate was dipped into the 
precursor solution at ambient 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 techniques of thermogravimetric ana- 
lysis (TGA), infrared (IR), X-ray powder diffraction 
(XRD), and X-ray photoelectron spectroscopy (XPS) 
were used to obtain Fundamental data regarding the 
condensational and pyrolytic 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 organosilane poly- 
mers at temperatures up to 350CC. 

The surface microstructure and elements of the 
films after deposition on the Al substrate were ob- 
served using scanning electron microscopy (SEMI in 
conjunction with energy-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 M sodium chloride 
solution made from distilled water and reagent grade 
salt. The specimen was mounted in a holder and then 
inserted into a EG&G Model. K.47 electrochemical 
cell. The tests were conducted in an aerated 0.5 M 
NaCl solution at 25 °C, on an exposed surface area of 
the 1.0cm2. The polarization curves containing the 
cathodic and anodic regions were measured at a scan 
rate of 0.5 mVs-1 in the corrosion potential range 
of - 1.2 to  -0.3 V. 

3.  Results and discussion 
3.1. Characteristics of sintered 

organometallicsifane compounds 
Before assessing the properties of polymetallosiloxane 
(PMS) coating films deposited on Al substrates, the 
thermal and chemical characteristics of the metal 
alkoxide-modified organosilane compounds were 
explored using TGA, IR, and XRD techniques. The 
specific areas of study were the thermal decomposition 
process, phase-related transitions, pyrolytic changes 
and rearrangements in conformation, and the crystal- 
lization of the sol-gel derived organometallicsilane 
compounds, 

TABLE I  Compositions of clear precursor solutions used in various M(OC,H „^-modified TSPI systems. (M = Zr. Ti. Al. n = 3 or 4) 

TSPl/M(OC,H,i„ TSPI ZrltX",H,iu Ti(Of.,H,)a AI(OC\H-|, CH ,OH Water HC'l 
[wl niliol |wl %) |VVI'",.I |w( '*■:,) (wt "',.| (Wl'",,! |WL%1 iwi%] TSPI 

i- M|OCjH-)4l,f , 

100/0 ?() 
70/30 35 I 5 

50/50 25 25 
70/30 35 
50/50 :5 
70/30 35 
50/50 25 

25 

30 20 12 
30 20 20 
30 20 30 
30 20 15 
30 20 25 

15 50 20 40 
25 30 20 50 
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The aim in this broad exploration was to under- 
stand the thermal decomposition process and the 
transition of the sintered organornetallicsiiane to its 
inorganic polymer phase by pyrolysis in an air en- 
vironment. From the mix compositions given in Tabie 
1. 150 "C sintered powder samples with 100/0 and 
50/50 TSPI/M(OC3H,)4„3 weight ratios were selec- 
ted. Their TGA curves are depicted in Fig. I. 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 species of metal alkoxide reagent 
added to the TSPI, The beginning of thermal decom- 
position for all of the samples, with the exception of the 
Al(OH3H7)3-TSPl system, is likely to occur over the 
temperature range 300-350 JC. Decomposition of the 
TSPI/AI(OCJH-T)3 system started at a lower temper- 
ature (200 "C) than the other metal alkoxide systems. 
The weight loss curve of bulk TSPI exhibited the two 
step decomposition process: the first step occurring at 
a temperature between 350 and 430 C and the second 
step ranging from 430--60O C. The former change 
might be associated with the liberation of hydrocar- 
bon and chemisorbed water: the latter may be caused 
by the removal of excess carbon in the samples. Be- 
yond the annealing temperature of 600,:,C, the curve 
levels off, implying that the conversion into inorganic 
phases is essentially complete. Although the curve 
shapes of the TSPf/MfOCj^),^,. 3 systems are unlike 
that of the bulk TSPI, the final transition temperature 
to the inorganic phase was almost the same as the 
bulk TSPI. When compared to the weight loss (ap- 
proximately 42%) of TSPI at 600'C. less of a weight 
loss was observed for the Ti(OC3H7)4, system, whereas 
the AI(OC3H-j)3 system had considerable mass loss. 
approximately 68%. This large weight loss caused by 
the pyrolysis could be associated with an enhanced 
degree of shrinkage of the precursor coating films that 
results in cracking and delamination of the films from 
the substrates. 

20 

2- 40 

* 60 

zoo -100 
T«<np*ratur<? 

600 600 

Based upon TGA data, the pyrolytic changes and 
rearrangements in conformation at 350'C were stud- 
ied with !R. Fig. 2 shows the 1R absorption spectra for 
150 JC-preheated powder samples of bulk TSPI and 
the TSPI/metal alkoxide. 50/50 ratio samples. The IR 
analyses were conducted using the KBr method which 
incorporates the powder samples of 2-3 mg into KBr 
pellets of approximately 200 mg. For the metal 
alkoxide-TSPI samples and the TSPI bulk sample, 
the various absorption peaks and their assignments 
are shown in Fig. 2 and Table If. In the TSPI bulk 
sample (Fig. 2a), the shoulder peak due to the super- 
position of physically absorbed water and hydrogen- 
bonded O-H stretching in silanol Si-OH groups is 
located at 3450 cm "' [3]. Because no N-H bond 
exists in the rnonorneric TSPI used as a starting 
material, the peak assignment at 3240 cm"' seems to 
reveal a newly developed N-H stretching mode in the 
dihydroimidazole [4]. The bands around 2930 and 
2880 cm"1 are attributed to absorptions due to the 
C-H stretching mode in the methylene chains and 
dihydromiidazole rings. The C-H bending mode 
peaks appear at 1435 and 1395cm-1. An intense 
absorption peak, observed at 1655 cm-1, is ascribed 

stretching vibration in the 

five-membered dihydroimidazole rings [5]. Five- 
membered heterocycles commonly have two other 
fundamental ring stretching bands at frequencies 
ranging from 1670-1400cm"1 [6]. Thus, the weak 
peak near 1525 cm "l 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 cm"1. The pro- 
nounced peak at 1135 cm-1 verifies the existence oi' 
the stretching mode of the Si-O-C bond in the Si- 
joined alkoxy groups [7]. As is well known [3]. the 
peaks at 1035 and 775 cm ~' are associated with the 
stretching of Si-O-Si and the bending of Si-O-Si 
bonds, respectively. These bonds in the polymeric 
organosilane are formed by the condensation reac- 
tions between neighbouring silanol functions. The new 
peak developed at 695 cm-' can be assigned to the 
C-CI stretching band in the chlorinated compounds 
[8J. The development of this C-Cl band can be 

to the imine,   C=N / 

Figure I TGA curves of mcial isopmpoxide-modilied and unmodi- 
fied TSPI powders jficr sintcrmu a< 150 C I ) TSPI. I ! Zr 
l(X\HA TSPI. (■    ) TilOC,H-,L TSPI. (    •    I AI|(X\H,|, TSPI. 

4000    3500    3000    2500    2000 1800 1600 1400 1200 1000  300   600 

Wave numbw (cm    | 

/■Viyi/ry J IR adsorption spectra lor 150 ("-sintered powder I;Ltuples 
havin« KXM) and >()■>() TSPI M|(K',H.I4„ , ralms; (at TSPI. 
(hi TSPI Zr<(X\H-U. (ci TSPI TiKK'.H-L. and id) 
TSPIAKOC.H-I.. 
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explained if the emergence of the N-H peak at 
3240 cm-1 is taken into consideration. Because the 
imidazoie group in TSPI acts as a strong base by 
accepting a proton [9], the nucleophillic attack of 
H+ to the dihydroimidazole N bonded to the propyl 
group in the HC1 media leads to the cleavage of the 
N-CH2 linkage [10]. Then this bond breakage forms 
ihr  imidazoline as derivative oT dihydroimidazole, 

H,   and   polymeric   organosilane   containing 

Cl-substituted end groups. This HCl-catalysed hydro- 
lysis-polycondensation reaction will occur according 
to the following sequence 

N=/ 
N—(CH2)3—Si=[OC,Hs)3 + «H* + nCl 

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

To support the proposed reaction mechanism, 
the absorbance ratios between the M-O-C peak at 
1300cm"1 and the C-Cl peak at 695 cm"1 were 
computed as a function of the TSPI/MfOC,H-,)4 

ratio. As expected, the resultant data (see Fig. 31 
indicate that the absorbance ratios increase with an 
increase in the proportion of M(OC3H7)4. This, there- 
by, implies that the reaction of the halide with the OH 
in the hydroxylated metals favours the elimination of 

N=^ 
NH + Cl—(CH2)3—Si=Cl3 ■+- 3C2H5OHT 

Cl—<CH2)3—Si=C!3 + 3H2C) 

CHCHjlj- Si=(OH)3 + 3HC1T 

Cl Cl 

ICH)3 (cm3 

-Si—OH + HO—Si—   ^^ 

(2) 

Cl. Ci 

(CH2)3 (CH2)3 

-fSi—O—Sife- + «H20 (3) 

On the basis of the information, the spectral fea- 
tures of the metal alkoxide-modified TSPI samples 
were investigated to identify the reaction products of 
TSPI with metal alkoxides at a low temperature, 
150 C. Compared with the spectrum for bulk TSPI, 
characteristics noted for the Zr(OC3H7)4- and 
TilOC3H7)4.-systems spectra (Fig. 2b and c) are as 
follows: (I) the appearance of a notable peak near 
1300cm"1 which corresponds to metal (Zr and Ti) 
-O-C linkages [II], (2) the loss in C-Cl peak intensity 
at 695 cm-1, and (3) no remarkable peak present 
around 950 cm"' which would be attributable to the 
Zr- or Ti-O-Si linkages [3, 12] in the PMS formed. 
As a result, it is believed that the hydroxyl groups 
derived from the HCl-catalysed hydrolysis of 
Zr(OC,H7)4 and TtfOCjH,)*, react preferentially 
with the Cl in Cl-substituted end groups in the silane 
compound, rather than the silanol groups which are 
formed by hydrolysis of the ethoxysilyl groups in the 
TSPI. The proposed reaction mechanism for this is 
shown below 

=M—OH   +  Cl—(C"H,|A—Si==(OH)3 

III III 
M M 

i I 
0 O 

ICH,), ICH, |, 

-rSi-O—Si— ())„ + «HCI  + ,iH,() 
1 I 

where M = Zr or Ti. 
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hydrogen chloride. The formation of Cl-terminated 
end groups plays an important role in creating the 
M-O-C linkages. 

On the other hand; the introduction of A((OC3H-,j3 

reagent into the TSPI 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 3244) and 1525 cm"1, the M-O-C linkage 
band at 1300 cm"1 and the C-Cl bond peak at 
695 cm'1, were found. However, two new absorption 
frequencies around 1590 and 945 cm " ' did emerge. 
Because dihydroimidazole ring stretching in mono- 
meric TSPI is discernible from a strong peak in the 
vicinity of 1610 cm"" * (not shown), the first of the new 
peaks may reveal the presence of the original dihy- 
droimidazole attached to the propy! C of TSPI. The 
formation of Al-O-Si linkages possibly explains the 
new absorption band at 945 cm"' [13. 14], Therefore, 
compared to the Zr(OC3H7)4- and Ti(OC,H-)3-TSPI 
systems, a different reaction process occurs in the 
Al(OC3H7)3 -TSPI system. Questions as to why this 
system does not produce heterocyciic derivatives and 
the Cl-substituted end groups still remain. It is evident 
that polymeric organoaluminosilane network struc- 
tures containing Al-O-Si linkages do form at 150"C. 
The conformation of this hypothetical reaction prod- 

uct may be as follows: 

N=' 

Al 

O 

N—|CH,] — Si—O— 
i 

O 

The IR studies were further extended in an attempt 
lo understand and clarify the pyrolytic conformation 
changes in inorganic PMS produced by annealing in 
air at high temperatures. All of the 150 C pre-heated 
samples were heated for 12 h in air at 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, 
icm"') 

Vibration-1 Absorbing species 

3450 
3240 
2930 
2880 
1655 
1525 
1435 
1395 
MJ5 
1035 
775 
695 

vOH 
vNH 
vCH 
vCH 
vCN 
v ring 

oCH and 
6CH 
vSi-O-C 
vSi-O-Si 
SSi-O-Si 
vC-CI 

ring 

H-O-Si and H,0 
H-N in dihydroimidazole derivative 
-CH>- and dihydroimidazole derivative 
-CH3- and dihydroimidazole derivative 
-C = N- in dihydroimidazole derivative 
in dihydroimidazole derivative 
-CHj- and dihydroimidazole derivative 
-CH2- and dihydroimidazole derivative 
SI-<>CJHS 

Si-O-Si 
Si-O-Si 
Cl-CH,- 

' v denotes stretching vibration, S denotes bending vibration. 

100/0    90/10 70/30 50/50    40/60 

T5Pl/M{OC3H7l4 ratio 

Figurp J Variations in absorh-ance ratio of M-O-C at 1300 cm"1 to 
C--CI at 695 cm"' as a function of TSP!-M(OC,H,u ratios. 

4000    3500    3000    2500    2000 1B00 1600 1400 1200 1000  800   600 

Wt»» number (cm  j 

I'K'iirr V iR spectra for 350 C-annealcil 100.-0 and 50 50 
T.SPl'MlOCH.],.,,, systems; lai TSPI. lb) TSPI Zn(>C,H-l4. 
lei TSPI Ti((K',H-)i% and id) TSPI -AllOC.H-t,. 

illustrates ihc FR spectra for the 350 C annealed 
sample scries. The hulk TSPI sample spectrum 
(Fig. 4a) changed markedly, compared with the 150 C 
treated sample speetra. These changes are a.s follows: 
(I) a considerable loss in intensity of the peaks at 2930. 

2880. 1435 and  1395 cm-1. (2) a slight shift of the 

C=N— band  at   1655 cm"1   toward  lower wave 
/ 

numbers 11620 cm   '). 13) a decrease in intensity of the 
peak around I 135 cm" ' corresponding to a decrease 
in Si-CH2- bonds, and (4) a disappearance of the 
C-Cl peak at 697cm"1. Changes11),(3) and (4) result 
directly from the elimination of a large amount of 
carbonaceous groups such as CH,0 and CH3CHO 
from the polymeric organosilane networks. The 
absorption band near 3400 cm-1 and a weak band 
around 1450cm"1. are due to the superposition of 
ring stretching and H-O-H bending vibrations. Thus, 
around 350 "C the polymeric organosilane is believed 
to be pyrolytic converted into the inorganic poly- 
siloxane network. Nevertheless, some residual imida- 
zole derivative still remains in the polysiloxane 
network, 

Attention was then focused on the spectra for the 
TSPl/ZflOCjH,)4 (Fig. 4b» and TSPl/Ti(OC3H-U 
(Fig. 4c| systems. The depicted spectrum features o( 
annealed samples were characterized by the devel- 
opment of new peaks at 950 cm" ' (b) and 930 cm" ' 
(c). These absorption bands signify the formation of 
Zr-O-Si or Ti-O-Si linkages, respectively. The pre- 
dominance of the Si-O-Si band around 1020 cm"1, 
proves that the inorganic PMS structures can be 
formed at 350 "C through the pyrolytic in sicu trans- 
formation processes shown below 

M M 

0 Ü 
1 I 

|CH:), ICH.,1,   -^ 

t-Si— O—Si4x 

M M 
I I 
0 O 

1 I 
-£Si—O—SiJr 

i» 

Where M = Zr or Ti. Under annealing conditions, 
these pyrolytic conformation changes occur with the 
elimination of numerous organic groups. Once the 
organopolysilane inorganic PMS transition is com- 
pleted, the Zr and Ti metal oxides located in the 
networks act as cross-linking agents which connect 
the polysiloxane chains. 
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In contrast, the spectrum for the postannealed 
TSPI/Al(OjH-7)3 system indicated the shift in the 
Si-O-Si band at 1035 cm"1 to a lower position of 

1000 cm-1 and the disappearance of the 950 cm"1 

peak corresponding to the Al-O-Si linkages. The 
shifting and disappearance of these peaks render the 
thermal decompositions of 150 C-formed organo- 
polyaluminosilane as a 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 150 C, are 
vulnerable to pyrolysis. However, conformation of the 
pyrolytically assembied PMS. which is represented by 
the metal oxide cross-linked polysiloxane networks, is 
responsible for the development of high-temperature- 
performance inorganic polymer structures. 

In addition to TGA and IR analyses, an XRD study 
was considered necessary to determine whether the 
pyrolysed materials had crystallized. Fig. 5 represents 
the XRD patterns of the 350 C annealed metal 
alkoxide-TSPI systems., over the diffraction range 
0.444-0.182 nm. For the ZrlOC_,H.,)4 la) and 
Al(OCjH-)3 (bl systems, no spacing lines were detec- 
ted over this diffraction range. Hence, this indicates 
that the PMS in these systems is essentially amorph- 
ous. In contrast, the reflections at 0.353, 0.236 and 
0.190 nm for the TSPI/Ti(0C.,H?)4 system are at- 
tributable to the presence of a certain amount of 
anatase, Ti02, crystalline particles in the amorphous 
polytitanosiloxane layers. 

3.2. Characteristics of PMS coating films 
On the basis of the above findings, the investigations 
were focused on understanding the physico-chemical 
factors governing the formation and fabrication of 
high-quality PMS coating films. Uniformity and 
continuity were studied using surface and interface 
analytical tools such as SEM-EDX. and XPS. As 
described earlier in Section 1. thin PMS films with a 
thickness of up to 0.5 u.m are of particular interest to 
this study. To obtain a thtn coating film, 20 g of the 
original precursor sol solution (shown in Table I) 
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 an 
oven at f 50 C for 20 h. In order to form the pyrolysis- 

(QJ 

0.353 nm 

0.19 nm 

induced PMS coating films, the I50CC sintered sam- 
ples were subsequently annealed for 30 min at 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 
100/0. 70/30. and 50/50 TSPI/M(OC3H-)4ör j ratios, 
ranged approximately, from 0.2-0.4 (.im. 

Fig, 6 shows a scanning electron micrograph for the 
metal oxide-uncross-linked polysiloxane (PS) origin- 
ating from the 100/0 ratio precursor. The surface 
microstructure of this pyrolysed film 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 HC1 which was used 
as a hydrolytic catalyst of TSPI was probably elimin- 
ated from 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 derived from 
the 70/30 TSPI/ZnOCjH,U ratio precursor (Fig. 7a). 
exhibited far better coating features and no pits. EDX 
quantitative evaluation of this film 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 incorporation of an ex- 
cessive amount of ZrfOCjH-^ in TSPI leads to the 
generation of stresses within the film brought about by 
differences in the thermal expansion and/or the differ- 
ential shrinkage between the film and substrate during 
pyrolysis. 

In the case of the polyaluminosiloxane (PAS) de- 
rived from TSP!-Al(OC3H7)3 systems. SEM images 
for either 70/30 (Fig. 8a) or 50/50 (Fig. 8b> ratios 
indicate film discontinuity and non-uniform features, 
and partial delamination from the substrate. These 
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Cl 0 

I). 17 

!.(X) 

0.(10 

undesirable film-forming characteristics, in con- 
nection with the results of TGA and IR, are due 
presumably to great stresses generated at the 
film-subs träte interface caused by the large weight 
loss and thermal decomposition of the film due to 
Ai-O-Si linkages breaking. The most ideal PMS coat- 
ing surface consists of a uniform film free of cracks and 
pits over large dimensions. These characteristics were 
observed in the 50/50 TSPI/TilOC,H,)4 ratio (Fig. 
9b)-derived polytitanosiloxane(PTS). However, in the 
70/30 ratio film, a few mic roc racks developed (Fig. 9a I. 
(t appears that the use of a proper TSPI to 
Ti(OC3H7)4 proportion is one of the important factors 

A'*-r 

*?' 
■(■ 

*> ^•^F 

1'°'  i-rfi-JtiHÜhif>fr4i'l-Vfr^   ■■*--■- --^4 1 1 j 

h'iiiiiiv ' SEM (u. hi images and lei EDX analysis of PZS uoatinüs 
formed by anneal in it at 330 (.' lai 70 30 .mil lb! 50 .-■0 
TSPI Zr(OC)H-)a ratio precursor Ulms. 

leading to the formation of high-quality inorganic 
PTS amorphous coatings containing crystalline 
anatase particles. 

Further experimental work focused on identifying 
the chemical components and states at the outermost 
surface of the various PMS coatings. XPS was used to 
obtain this information for coatings derived from a 
70/30 TSPT/MfOCjH-rU Jr ^ ratio precursor solution. 
For the scale in all the XPS spectra, the binding energy 
(BE) was calibrated with the Cls of the principal 
hydrocarbon-type C peak fixed at 285.0 eV as an 
internal reference standard. The Cls core level spec- 
trum of the PMS surfaces was not taken into consid- 
eration. becau.se the concentration of hydrocarbon 
impurities on pyroly.sis-induccd surfaces was negli- 
gible compared to the intensity of the signal from the 

(■i.HturX SEM imuiics of 3S() CpynilyNOil la) 70 to :iikl ih) >l) 50 TSPI   \I«H',[I.|, ratio coatmu liii 
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bl Surface fealurcs and |e. d| EDX data of pyroly sis- induced PTS coaling liims; la I 70/30 and lb) 50/50 TSP1 /Ti (OC.,H-)., raii 

unpyrolysed samples. A curve decon volution tech- 
nique was employed lo find the respective chemical 
components from the high-resolut ion spectra of each 
element, and to determine the relative quantity of a 
particular chemical state. 

The SUp and OlN core level photoemission spectra 
for the PS (derived from 100% TSPI1. PZS. PTS. and 
PAS lilms are shown in Figs 10 and I I. respectively. 
The SUP region for the PS coaling (Fig. 10a) reveals 
only a single peak at 102.8 cV, corresponding to the 
silicon in the siloxane bonds. Si-O-Si [15, 16]. Drastic 
changes in the position, intensity, and shape of the Si^p 
peak were induced when zirconium, titanium and 
aluminium oxides were incorporated in the PS net- 
work as cross-linking agents. The Si3„ signal for the 
PZS surface (Fig. 10b) could be resolved into two 
Gaussian components at 101.6 and 102.8 eV. The 
former peak as the principal component corresponds 
to the silicon in the Zr O-Si linkages [17, 18]; and the 
latter ascribes the siloxane Si as a minor component. 
The peak shape of the PTS film (Fig. 10c) is strikingly 
different from (hat of the PZS. The peak of siloxane Si 
emerged at 102.8 eV is of a principal component, while 
a shoulder peak at 101.6 eV. interpreted as the Si in 
i he Ti () Si bonds, is of a minor component. This 
infers that the extent of cross-linking of titanium 
oxides in the PTS coating is lower than that of the 
zirconium oxides in PZS. Peak features similar to 
those of PZS were observed on (he PAS lilm 
(Fig. lOdl, suggesting that, like PZS, ihe surface con- 
tains a highly densitied Al () Si network. The 0(, 
>.peclmm of PS I Fig.   Mal exhibits an asymmetric 

shape containing a main peak at 532.4 eV originating 
from the bridging oxygen-bonded to two Si atoms tthe 
siloxane bond). Assuming that the nonbridging oxy- 
gens are bonded to one Si. and more likely to one H 
i the hydroxylated Si) are present at the PS surface, the 
cause of the shoulder at =s 529.4 eV can be estab- 
lished. This shoulder, which is about 3.0 eV lower than 
that of the bridging oxygens in the Si O-Si. is at- 
tributable to n on bridging oxygens [19]. In contrast. 
0lv spectra for the PMS coatings are characterized by 
a broad, asymmetric peak which obviously contains ai 
least three components situated at 532.4. 531.5. and 
5; 529.4eV. The major component at 53l.5eV be- 

longs to the metal-bound oxygen in the M-O-Si 
linkages [20]. The two shoulders at 532.4 
and 5s 529.4 eV are presumably due to the bridging 
oxygens in the Si-O-Si and the nonbridging oxygens 
in the Si OH. respectively. The intensity of the non- 
bridging oxygen peak seems lo depend on the species 
of PMS. The quantitative evaluation of Si-OH groups 
existing at lhe outermost surface was carried out by- 
comparing the integrated intensity ratio of oxygen in 
Si OH peak at approximately 529.4 eV to oxygen in 
(he M O Si peak at approximately 531.5 cV \s j 
result, the PTS surface indicated the highest ratio 
of 0.5.i (Fig. II). Because the peak of Ti(): oxygen 
appears near 529.4 eV [21, 22], this peak will include 
contributions from both SiOH and TiO, oxygens. 
Nevertheless, the presence of an appreciable number 
of polar OH groups at the surface o( PMS is very 
important lo adhesion, It is believed that (he OH in 
the hydroxylated Si compound promotes ihe chemical 
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Figure ID Si 2p spectra originating from (at PS. (b) PZS. (c) PTS 
und (dl PAS coating surfaces. 

link between the organic and inorganic polymers 
through covalent or H bonds. Fig. 12 illustrates the 
Zr 3d and Ti 2p doublet separation spectra for PZS 
and PTS, respectively, and the Al 2p region for PAS. 
The 3d3,2 and the 3d3,2 lines at 182.3 and 184.2 eV lor 
Zr3(J spectrum are assigned, to the Zr in the Zr-O-Si 
linkages. The symmetric peak at 74.! eV in the Al 2p 
spectrum corresponds to the Al in the Al-O-Si bonds 
[17]. For PTS. there are four peaks in the Ti 2p 
regions. The main 2p3/2 peak at 458.7 eV and the 2pU2 

line at 464.5 eV are assigned to the Ti in the Ti-O-Si 
linkages. The anaiase titanium was observed in the 
2p,,2 peak at approximately 459.2 eV and 2prj peak 
at approximately 465.1 eV [23J. 

The adhesive nature at the interlace between PMS 
and (he FPL-etched Al substrate is an important 
factor contributing to a good iiim-forming behaviour 
and to subsequent corrosion protection. Therefore, it 
is worthwhile to assess the bonding structure and 
mechanism at the PMS Al interface. For these inter- 
face studies, a PTS coating was selected from the other 
PMS films. The thin PTS Dims suitable lor XPS 
analyses were fabricated on the etched substrates in 
accordance with (he following procedure: a 0.5% sol- 

53.3 529 
Binding energy   leVI 

Figure I! O Is region of (a) PS. (bi PZS. |cl PTS und (dl PAS. 
Integrated intensity ratio of 0(SiOHl/O(M-0-Si>: lb) 0.3. ic) 0.53 
and tth 0.36. 

precursor solution in deionized water was deposited 
over the substrate surfaces by spin-coating at 
lOOOr.p.m., and then heated for 20h at 150 C to 
produce a sintered film. The pyrolytic conversion of 
the sintered film into the PTS film was accomplished 
by annealing for 30 min at 350 'C. Finally, the result- 
ing interfaces were examined using XPS. 

The PTS films made by this method were thin 
enough to permit the photo-emission signal from the 
underlying Al substrate to be detected. Figs 13 and 14 
show the Al 2p and the O Is core level spectra for the 
FPL-etched substrate and for the interface between 
the PTS and the substrate. As is evident from the Al 2p 
peak at 74.4 eV (Fig. 13a). the main component of the 
outer .surface of Al is aluminium oxide. Al,(), [20]. 
The Al 2p signal at the PTS Al interface (Fig. 13b) is 
composed of two major components at 74.4 and 
5;74.0eV. The exciting phoiocmission at 74.4 eV 

originates from Al>0, aluminium: however, the new 
line at i 74.0 eV is of particular interest. As discussed 
earlier, the aluminium in the Al O Si linkages refers 
to a peak at 74.1 eV. Thus, the possible assignment of 
this new peak is to the aluminium in the interfaeial 
oxane bond bridging the  PTS to the Al,03. Such 
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Figure 12 XPS spectra of I a) Zr 3d. |b) Al 2p. and (c) Ti 2p regions 
for PZS. PAS. and PTS coalings, respectively. 

interfaciaJ covalent bond structure may be illustrated 
as follows 

—Si—O—Al    Substrate 

i in 

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

hydroxylated AUOj with the -Si-OH. in the  PTS 

film. The investigations of the O Is region appear to 
support the above-mentioned findings, The new peak 
at 531.2 eV, emerging at an interfacial boundary, 
(Fig. 14b) is associated with the oxygen in the Si-O-AI 
(on the surface of (he substrate) bonds; whereas the 
position of the peak at 531.6 eV corresponds to the 
A 1,0.i oxygen (Fig. 14a). The Si 2p signal (Fig. 15) is 
asymmetric because it consists of three components at 
102.9. 101.7. and 99.6 cV. The major line at 101.7 cV 
can be ascribed to the Si in the M O Si linkages, and 
the weak shoulder at 102.9 eV to the Si in Si O Si 
linkages. The existence of other possible Si-based 
components could not be established on the basis of 
the minor peak at 99.6 eV. Apart from a slight broad- 
ening of the peak no special spectral features were 
observed on the Ti 2p doublet separation spectrum 
(Fig.    15)   compared   with   that   of   PTS   surface 

78        76 74 72        70 

Bindinq energy teV) 

Figurr 13 AI 2p spectra from la) FPL-etched Al substrate surface 
and |b) critical interfaoal zone bei ween PTS and etched Al. 

531.6 
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lor I'M etched Al surface and 
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101,7 TABLE  III Corrosion potential. £C0Pr. and corrosion current. 
/v.Dri. values for PMS-coated and uncoaied Al specimens 

10 6 10? 98 
Binding energy (eV) 

458.5 

4Ö4.3 

467 46 5 459 455 

Binding energy   (eV) 

Figure IS lal Si 2p and lb) Ti 2p spectra from PTS/etched Al joint. 

(Fig. 12). This information suggests that the extent of 
reactivity of titanium oxide, which acts as a cross- 
linking agent between the polysiloxane chains, with 
the A120, is very small. Hence, the Al203 surface 
formed by FPL treatments of Al substrates preferen- 
tially links with the siloxane, rather than with the 
titanium oxide groups. From the above results, it can 
be rationalized that two major factors. (1) the cross- 
linking ability of metal oxides between the polysilox- 
ane chains, and |2) the formation of PMS-AI 
interfacial chemical bonds, arc responsible for greatly 
minimizing the development of stress cracks by 
shrinkage of pyrolysed PMS lilms. These important 
factors no( only contribute to good lilm-forming beha- 
viour, but also relate direetiy ihe affects of the cor- 
rosion protection of Al substrates. 

All of the above data were correlated with corrosion 
protection provided by the pyrolysis-induced PMS 
coatings on F PL-etched Al. The corrosion data were 
obtained from the polarization curves for PMS-coated 
Al samples upon exposure in an aeraied 0.5 M sodium 
chloride  solution  al   25 C.  The  typical  calhodic 

Coaling systems £mf /„„ 
(TSP!/M(OC,H-)4or3) |v versus SCE) luA) 

L'ncoated I blank i - 0.725 ■> ^ 

PS (100/0) - 0.695 1.8 
PZS (70/301 - 0.625 7.Sx 10" l 

PZS (50/50) -0.710 1.5 
PTS (70/30) - 0.589 l.8x 10"' 
PTS (50/50) - 0.596 1.6x 10"' 
PAS (70/30) -0.664 9.0* 10"' 
PAS (50/50! - 0.700 1.8 

anodic polarization curves exhibited a short Tafel 
region in the calhodic polarization, but no Tafel re- 
gion was found at the anodic sites. To evaluate (he 
protective performance of coatings, the corrosion po- 
tential. £corr, and corrosion current. /corr< were deter- 
mined for the polarization curves. The former is 
defined as the potential at the transition point from 
cathodic to anodic polarization curves. /,.„„ values 
were measured by extrapolation of the cathodic Tafel 
slope. Table III 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 £corr 

value to less negative potentials and to reduce the 
cathodic current. lcorr. In particular, the test samples 
coated with PTS produced significantly higher £corr 

and lower /corr values than compared with those for 
the uncoated samples (blanks). This strongly suggests 
that these PTS coating films will serve to provide good 
corrosion resistance to sodium chloride solution and 
in minimizing the corrosion rates of Al. The protective 
ability of other PMS systems seems to depend on the 
TSPI/M(03H,!4or3 ratios in the precursor sol sol- 
ution. Coatings derived from a higher ratio of 50/50 
displace a lower corrosion resistance in sodium chlor- 
ide medium. Similarly, the metal oxide-uncross-linked 
PS coating 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 microcracks and pits in the him 
layers. In other words, the sodium chloride solution 
penetrated the blemishes and progressively under- 
mined the coatings. 

4.  Conclusions 
Inorganic amorphous polymetallosiloxane. PMS, can 
be synthesized through hydrolysis-polycondensation- 
pyrolysis reaction of so I-precursor solution systems 
consisting of ;V-[3-(iricthoxysilyt)propyl]-4.5-dihydro- 
imidazoleiTSPlland M(OC,H-)„(M = Zr.Timid Al. 
n = 3 or 4) as a lilm-forming reagent, the HCI as a 
hydrolysis catalyst, and CH^OH and w;iter as a liquor 
medium. During this study o\ corrosion-protective 
thin lilms for low melting point Al substrates, the 
following seven items could be conclusively gen- 
eralized as the major physico-chemical factors gov- 
erning (he lilm-forming behaviour of PMS under (he 
sol precursor (25 C) -* sintering (150 C) -* annealing 
(350 "C) processes. 
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1. During the sol-film forming stage, the addition of 
HC1 to the mixtures of TSPI and M(OCjH7),, induces 
the formation of hydroxyiated metals, the Cl-substi- 
tuted end groups in the monomeric organosilane and 
the separation of imidazole derivatives from TSPI. 

2. In the sintering process of xerogel films at 150 C. 
the formation of metal oxide polyorganosiloxane 
bond formed by the dechlorinating reaction between 
the Cl attached to propyl C in organosilane and the 
proton in the hydroxyiated Zr or Ti compounds, 
played an important role in weight loss of the film. 

3. Referring to item 2, the aluminium hydroxide, 
derived from Al(OC3H7)3 in which the trivaient ion is 
the principal oxidation state, preferentially reacts with 
hydroxyiated organosilane to form the Al-O-Si link- 
age 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. 

4. The pyrolysis of titanium and zirconium oxides- 
incorporated polyorganosiloxane compounds led to 
ihe formation of titanium and zirconium oxides cross- 
linked with polysiloxane. while also eliminating 
carbonaceous groups and C) compounds from the 

sintered materials. These cross-linked network struc- 
tures served to minimize the development of stress 
cracks in the films pyrolysed at 3*50 °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 titanium oxides and the densification of the 
M-O-Si 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 FPL-etched Al 
substrate illustrates the possibility of strong adhesive 
forces. 

7. Referring to items 4-6 described above, the in- 
tegrated assignments of these factors were correlated 
directly to good corrosion resistance of Al alloys in the 
NaCI solution. 

Contract no. DE-AC02-76CH00O16, and supported by 
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Interfaces of poiyphenylene 
sulphide-to-metal joints 

T. Sugama and N.R. Carciello 

(Brookhaven National Laboratory, USA) 

High-temperature poiyphenylene sulphide (PPS) film was deposited on the surface of 
cold-rolled, stainless and galvanized steels by slurry coating in N2 and 02 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 Fe2(S04)3 > FeS04 > FeS. In contrast, the conversion 
of ZnS, formed at the PPS/galvanized steel interfaces, into ZnS04 led to a catastrophic 
loss of bond strength. 

Key words: poiyphenylene sulphide; steels; bond strength; interface; X-ray 
photoelectron spectroscopy 

Powdered forms of poiyphenylene sulphide (PPS), 
which is one of a family of high-temperature 
performance polymers, are commonly used as film- 
forming materials in slurry-coating systems consisting 
of solid and liquid phases. The major suitability of 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 
290cCi-3 \vhen the PPS 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 thermal oxidations of metals beneath the PPS 
coatings. As reported by Bolger4. the high degree of 
oxidation of the metal surfaces has a strong affinity for 
the ehemisorption of the organic polymers, and by 
contrast, when the metal surfaces were treated in 
oxygen-free N-i gas environments, the chemical 
reactivity of surfaces having a. low degree of oxidation 
becomes very poor. 

Thus, it is of particular interest to explore how the 
reaction products formed at the critical interfacial 
contact zones between PPS and metals in oxygen and 
nitrogen environments inlluencc the adhesive bonding 
of PPS to the metal substrates. This information was 
obtained by X-ray photoelectron spectroscopy (XPS) 
analyses of both failure sides at the interfacial 
boundaries for PPS/cold-rolIed, 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 failure. 

Experimental details 

Materials 

The metallic substrates used were a commercial A1SI 
1010 cold-rolled steel (CRS), AISI 304 stainless steel (SS) 
and G-90 galvanized steel (G-S). Before depositing the 
poiyphenylene sulphide (PPS) slurry, the surface of 
these substrates was wiped with acetone-soaked tissues 
to remove any gross surface contamination. PPS 
powder for the slurry coating was supplied by the 
Phillips 66 Company. The 'as-received' PPS was a finely 
divided, tan-coloured powder having a high melt flow 
with a melting point of 288°C. The PPS film was 
deposited on the substrate surfaces in the following 
way. First, the substrates were dipped into a PPS slurry 
consisting of 45 weight % (wi%) PPS and ro wt% 
isopropyl alcohol at 25°C. Then, the slurry-coated 
substrates were preheated in oxygen and nitrogen gases 
at 300°C for 3 h, to fuse the PPS powder and allow 
volatilization of the isopropyl alcohol liquid phase. 
The How rate of these gases in a tube furnace with a 
volume of 1500cm   was ^ 200cm' min-1. To assemble 
the cross-linked and extended macro molecular 
structures, the fused PPS was finally heated in either a 
99.5% 0-» or a 99.9% N-» environment at 350°C for 2 h. 
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Measurements 

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 
02 and N2 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 3MKÖ, The excitation 
radiation was provided by an Al Ka (1486.6 eV) X-ray 
source operated at a constant power of 200 W. The 
vacuum in the analyser chamber of the instrument was 
maintained at I0~9 torr throughout. The atomic 
concentrations for the respective chemical elements 
were determined by comparing the XPS peak areas 
which can be obtained from the differential cross- 
sections for core-level excitation5. To set a scale in all 
the high-resolution XPS spectra, the binding energy 
(BE) was calibrated with the Cls of the principal 
hydrocarbon-type carbon peak fixed at 285.0 eV as an 
internal reference. A curve deconvolution technique 
was employed to find the respective chemical 
components from the high-resolution spectra of each 
element. 

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 
strips. 50 mm long and 15 mm wide, the 10 X 15 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 PPS film 
ranged from 25 to 75 .urn. The bond strength of the lap- 
shear specimens is the maximum load at failure 
divided by the total bonding area of 150 mrrr. 

Results and discussion 

First, the chemical compositions and states of the bulk 
PPS. the acetone-cleaned CRS. SS and G-S substrate 
surfaces were investigated to obtain the XPS reference 
data (Table I and Fig. I). The S/C atomic ratio of 0.19 
for the 350°C-cured bulk PPS surfaces was slightly 
higher than the value of 0.17 computed from the 
fundamental formula. ~(-Q,H(l-S~]~n, of PPS. The S2p 

core-level spectrum (Fig. I) for the bulk PPS featured a 
symmetric curve with a peak at the BE position of 
163.8 eV. originating from the S of the S-C bond in the 
PPS structures'1. CRS surfaces disclosed the presence of 
a large amount of oxygen, which can be associated 
with the formation of Fe oxides. In fact, the main core 
line at 710.9 eV and the shake-up satellite at a high BE 
site about 8eV away from the main line in the Fe2p*/2 

region are assignable to the formation of ferric oxide 
(FC2OT)'. As is evident from a high carbon 
concentration of 5H.3% the SS surface seems to be 

covered with carbon-based contaminants which cannot 
be removed by organic solvents. Regardless of coverage 
with the C contaminant, the Fe2p3/2 spectral feature 
verified that the underlying Fe compound referred 
mainly to FeiOj. The presence of a concentrated P 
atom suggested that the surface of the galvanized steel 
used in this study was treated by phosphate. The Zn2pv2 

spectrum for the G-S substrates denoted the presence of 
a single Zn component at the BE position of S022.1 eV. 
Since this BE value corresponds to Zn in ZnO 
formation8., the dominant Zn compound formed at the 
outermost surface of G-S was ZnO. 

The results of the lap-shear bond strength of the 
metal-to-metal PPS adhesive joints are shown in Fig. 2. 
For CRS and SS substrates, the data clearly 
demonstrated that the bond strengths depend primarily 
on atmospheric conditions during the fusing-curing 
process of the PPS adhesive at high temperature. The 
strengths of specimens prepared under 02 are much 
higher than those for specimens made in N2 

environments. The data also showed that the 
development of interfacial bond strength for the SS/'PPS 
joint system is better than that of the CRS/PPS system. 

Surprisingly, a very poor interfacial bond was 
recorded for the 02-treated G-S/PPS joint system. 
Although the bond strength value of N2-treated G-S/PPS 
joints is considerably lower than those for other 
systems, the bonding performance of this joint system 
was far better, compared with the same joint system 
made in an 02 environment. 

To clarify the causes of good and poor interfacial 
bonds, both failure surfaces were explored by XPS. 
Table 2 shows the elemental compositions for the 
cross-section samples of the PPS/CRS joint system after 
exposure to N2 and to 02. In N2. the interface 
chemistry of the PPS side removed from the CRS 
substrate was characterized by the amount of Fe and a 
larger amount of O in conjunction with 7.4% S and 
42.5% C compared with that of the bulk PPS (Table I). 
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 are associated 
with Fe2Oi and/or the interfacial reaction products, the 
locus of failure might occur in either the mechanically 
mixed layer of PPS and Fe2Oi. or in the reaction 
product layer formed by interaction between PPS and 
Fe20}. A striking difference from the N: samples was 
observed on the 02-treated samples: namely, no S atom 
was found on the failed CRS sides. Therefore, failure 
can be figured as a cohesive mode which occurs 
through the Fe2Oj layers close to PPS. In terms of 
achieving a good bonding performance, it can be 
assumed that the introduction of 02 into the interfacial 
zones promotes the extent of interaction between the 

Table 1.      XPS elemental analysis of bulk PPS and substrates as reference surfaces 

Coating and Atomic concentration (%) 

substrate 
c S 0 Mn Fe P Cr 

PPS 82.5 15.5 2.0 _ _ _ _ 

CRS 25.8 - 59.9 1.7 12.5 - - 
SS 58.3 - 34.4 - 5.5 - 1.8 
G-S 30.4 - 50.3 - - 9.1 6.7 

Zn 

3.6 
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163.8 710.9 11.0 - 

FeoD3/2 

166    164    162 723 717 711 

Binding energy (eV) 

711.0 

Fö2p3/2 

G-S 

723 717 711 

Binding energy (eV) 

1024      1020 

fig. 1      XPS high-resolution spectra in S2p. ^2p3/7 anc< <-n2p3/2 re<Ji°ns 
for reference polyphenylene sulphide (PPS), cold-rolled steel (CBS), 
stainless steel (SS) and galvanized steel (G-S) surfaces 

PPS and the Fe2Oj. We believe that such reaction 
products are much stronger than Fe2Oj layers. 

To support this information, we inspected the high- 
resolution S2p spectra of both the PPS and CRS 
interfacial sides for the N2-treated samples and the PPS 
surface for the 02-samples {Fig. 3). The asymmetric 
feature of the resultant S2r, region for the N2~treated 
PPS interface reveals two resolvable Gaussian 
components at 161.8 and !63.8eV. From the surface 

CRS7PPS SS/PPS G-S/PPS 

Fig. 2      Lap-shear bond strength at metal-to-metat PPS adhesive joints 
after exposure in N2 and 02 at 350°C 

reference spectra (see Fig. I), the shoulder peak at 
163.8 eV is attributable to the S in the PPS. According 
to literature^, the 161.8 eV principal line, which 
represents the main chemical component, can be 
ascribed to the formation of ferrous sulphide (FeS) as 
the reaction product at the interfaces between the PPS 
and the Fe203 in the N2 environment. The shoulder 
peak near 7lf).2eV. reflecting the Fe in the FeSm. was 
also identified in the Fe2pj/2 region (not shown). Since 
the negative ion mass spectra (not shown) of the 
oxidized PPS surfaces indicate the presence of intense 
sulphure trioxide (SO3) signals, such sulphur-related 
iron compounds can be formed by the interfacial gas- 
solid reaction between the Fe2Oj and the sulphur 
dioxide (SO-i) and SO> gases emitted from PPS at a 
high temperature. An additional prominent line was 
seen at 168.5 eV. corresponding to a shift of about 
6.7 eV to the higher BE site than that of FeS from the 
N2-treated CRS interface. A shift of 6.7 eV is reasonable 
to distinguish the presence of ferrous sulphate 

Table 2.      Chemical composition of both interfacial failure sides for N2- and 02-treated PPS/CRS joint systems 

Heating environment Failed side 

N2 

N2 

02 
o2 

PPS 

CRS 

PPS 

CRS 

Atomic concentration (%) 

s C 0 Mn Fe 

7.4 42.5 41.5 _ 8.6 
4.3 40.8 43.9 0.3 10.7 
3.5 42.1 44.0 - 10.4 
- 31.3 55.5 0.7 12.6 
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161.8 

163.8 

170 168 166 164 162 160 170 168 166 164 162 160 

Binding energy (eV) 

Fig. 3     S2D spectra at failed interfaces of PPS/CRS |oint system prepared at 350°C in: (a) N2 gas and (b] 02 gas 

(FeS04)" from FeS. FeS04 will be formed through the 
following reaction12: 

Fe^Oi + SOi + SO 2FeS04 

By comparison with that of the PPS side, a distinctive 
S^p spectral feature could be seen on the O^-treated PPS 
interface. We conclude that there is no evidence for the 
presence of FeS at 161.8 eV. while the remarkable peak 
at 168.5 eV, belonging to FeS04. emerges in the high 
BE sites. Since the introduction of an abundance of 
oxygen promotes the conversion of SO? to SO3   . it is 
reasonable to rationalize that an enrichment of Oi 
catalyst-induced SO3 gas causes the formation of more 
FeS04 than FeS, As a result, the formation of FeS04 as 
the interfacial reaction product appears to be 
responsible tor the development of strong interfacial 
bonds. 

Table 3 shows the elemental compositions at the 

cross-section areas of the PPS/SS joint system. In N:. 
the PPS interface removed from the SS was 
characterized by the absence of Fe and the presence of 
a small amount of O. Compared with the SS reference 
surface (Table I), the interfacial SS surface had 4.4% S. 
a higher C concentration, and a lower O and Fe 
content. The detection of a certain amount of S and a 
higher concentration of C reflects good adhesion of 
PPS to the FeiOj at the outermost surface of SS. 
Concerning the absence of Fe at the PPS side, the 
cohesive failure mode, which occurs through the PPS 

layer adjacent to the Fe20?. can be proposed for this 
joint system. Of particular interest is the chemical 
composition at the interfaces of the Oyinduced PPS/SS 
joint. The following two chemical characteristics can 
be described on the interfacial SS surface: 

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

Table 3.      Elemental composition of interfacial PPS and SS surfaces at PPS/SS joint in N2 and 02 

Heating environment failed side Atomic concentration (%) 

C 0 fe 

N2 

N, 

03 

PPS 

SS 
PPS 

SS 

12.7 83.9 3.4 - 
4.4 82.3 12.7 0.5 

13.3 81.0 5.6 0.1 
14.3 24.4 56.5 4.8 
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163.8 

163.8 

170 168        166        164        162        160 172        170        168        166 164 
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fig. 4     S2D region ai interfacial failure locus of PPS/SS |Oiru system prepared at 350°C in: (a) N2 gas and (b) 02 gas 

2) the introduction of a large amount of O into the SS 
side. 

This finding suggests that a substantial amount of 
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 
of inierfacial failure appears to occur through the 
reaction product layer near the PPS. Fig. 4 shows the 
Sip region for both interfacial sides after treatment in 
NT and OT. The S^p spectrum for the PPS interface in 
the Ni-treated joint system features a simpie peak 
containing only a single line at 163.SeV originating 
from S in the PPS. There was no indication of peaks at 
161. H and 168.5 eV. which re licet the formation of FeS 
and FeS04. respectively. In contrast, the emergence of 
a pronounced line at 161.X and 169.0 eV. while 
maintaining the major line at 163.8 cV, was observed 
from the SS interface, thereby accounting for a certain 
amount of reaction products remaining on the 
interfacial SS surface. Regarding .(he reaction products, 
ihe new peak at 169.0 eV. corresponding lo ~ 0.5 eV 
higher position than that of FeS04, may be associated 

with the formation of ferric sulphate |Fe:(S04h|". 
which could be generated by the reaction of Fe^Oi with 
three moles of SO3 on heating14. We also inspected the 
Feip3/2 region to distinguish between Fe(ll) and Fe(III) 
sulphates, However, it was very difficult to distinguish 
the photoelectron line of these sulphates, because of 
the superposition of the strong Fe^O? signal. Striking 
changes in spectral features occur as O; is introduced 
into the critical interfacial zones. The particular feature 
of the Si,, signal at the SS side was an intense single 
peak at 169.0 eV. suggesting that only Fe:(S04)? as the 
interaction product was left on the SS side. A weak line 
at 169.0 eV was also detected from ihe PPS interface 
away from the SS. 

Considering that the PPS/SS joint system prepared in 
0> displays the highest bond strength in this scries of 
tests, it can be concluded that the extent of I'PS 
adhesive bonding 10 metal substrates depends primarily 
on the species, and on the amount ol S-related Fe 
compounds formed as interaction products ill the 
critical interfacial contact /.ones bei ween pps and the 
substrate. The effective reaction products, which play a 
major role in the increa.se in bond streimth. have the 
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Table 4.     Atomic concentration of Nz and 02*treated PPS/G-S interfaces 

Heating environment 

N2 

N2 

02 

02 

Failed side Atomic concentration (%) 

P S C 0 Cr Zn 

PPS 9.3 8.3 51.0 24.9 1.1 5.4 
G-S 10.5 7.5 48.0 26.0 1.9 6.2 
PPS 13.6 3.2 36.0 37.0 2.3 7.8 
G-S 16.0 3.8 35.7 33.8 2.3 8.5 

following order: Fe2(S04)3 > FeS04 > 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 for both 
interfacial failure sides in the PPS/G-S joint system. For 
the sample made in NK the interfacial PPS surface had 
a composition dosely resembling that of the G-S 
interface. The detection of a certain amount of Cr and 
Zn on the PPS interface demonstrated that these 
elements migrate from the substrate to the coating 
sides during failure of the bond. The amount of Zn 
detected on the G-S side is considerably greater, and 
the amount of Cr substantially less than that observed 
on the reference G-S surface (see Table t). This finding 
suggested that the S in PPS preferentially reacts with 
the Zn in the substrates, rather than with Cr. Hence, 
failure is certain to occur through the reaction product 
layers formed at the interfaces between PPS and G-S. A 
similar locus of failure was observed from the Or- 
treated adhesion sample: the chemical compositions of 
both failure surfaces are close. The only difference was 
that more P, O. Cr and Zn remained in the cross- 
section, while the amounts of S and C were reduced. In 
particular, the increased amounts of residual Zn and O 
atoms reflect the formation of oxygen-rich zinc- 
compounds at the interfaces. 

To identify the interaction products, we inspected 
the Sip region for both the interfacial PPS and G-S 
surfaces (Fig. 5). The resultant S2p signal for the re- 
treated cross-sections had at least two resolvable peaks 
at 163.8 and 161.9 eV. The former, as the major 
component, reveals the PPS. and the latter is likely to 
be assigned to the formation of S-related zinc 
compounds as interfacial reaction products. As 
reported by several investigators9,1L '\ the line 
emerging in a low BE site, ranging from 160.5 to 
162.0 eV, commonly relates to metal sulphide 
compounds. Hence, zinc sulphide (ZnS). reflected by 
the peak at 161.9 cV. was formed by the reaction of 
ZnO with SO: ar)J SOi gases at the PPS/G-S interfacial 
regions. Since no Fe from the underlying steel is found 
on either interfacial sides, we believe that the adhesion 
of the ZnS phase formed as a reaction product to the 
zinc layer is much poorer than the adhesion of zinc to 
the steel substrate. Compared with the N: sample, a 
quite different S^p signal can he s.een on both 0:- 
induced interfacial sides. The distinct spectral features 
were the growth of a prominent line at the high im- 
position of 169.5 eV. with a considerable attenuation of 
peak intensity at 161.9 eV at the interfaces, h is well 
knownlf> that when ZnS is fully exposed to air at an 
elevated temperature, oxidation leads to the conversion 

of ZnS into zinc sulphate (ZnS04). Assuming that such 
oxygen catalysed ZnS-»-ZnS04 conversion occurs at 
the interfaces, the strong line emerging at 169.5 eV is 
due to the formation of ZnS04. This conversion is 
correlated directly with the striking decay of the ZnS 
line at 161.9 eV. 

The interfacial ZnS —*■ ZnS04 phase transition 
appears to create detrimental boundary layers which 
play an active role in the catastrophic loss of bond 
strength in joint samples exposed to oxygen. 

Conclusions 

The findings from an XPS study of the interfacial 
failure sides in poiypheneylene sulphide (PPS)-to-metal 
joint systems prepared in N^ and Ö2 gases at 350"C 
lead to the following generalized conclusions. 

When PPS slurry coatings, consisting of PPS powder 
and isopropyl alcohol, were deposited on the surfaces 
of cold-rolled steel (CRS) and stainless steel (SS). the 
PPS/substrate bond strengths developing in the fusing- 
cross-linking process of PPS at elevated temperatures 
depend primarily on the reaction products formed by 
the soiid-gas interaction between the SO? and SO< 
emitted from PPS. and the Fe^O\ layer at the outermost 
surfaces. A high rate of SO?-»- SO* conversion, which 
occurs when there is free access to oxygen, resulted in 
the formation of ferric sulphate |Fe;>{S04)i| as a 
reaction product, which was responsible for the 
development of bond strength. The efficacy of sulphur- 
related iron compounds in improving adhesion force 
was rated in the following order: 
Fe2(S04h > FeSÜ4 > FeS. Since such interaction- 
induced Fe-S compounds are generally known as 
corrosion products of steels1'"' . studies are being made 
on the influence of these compounds on the cat hod ic 
reaction. 

In PPS/galvanized steel (G-S) joint systems, the 
interfacial interaction between the PPS and the ZnO 
existing at the top surface layers of G-S. in the N?. 
induces ZnS as a reaction product. By contrast, a 
considerable reduction in bond strength was observed 
in the PPS/G-S joint system prepared in O-. The reason 
for the catastrophic loss in strength was due to the 
forma lion of weak boundary layers of ZnSOj. which 
was derived from (he oxvgeu-catalvscd conversion of 
ZnS. 
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Adhesion of crystalline 
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The characteristics of melt-crystallized polyphenyletheretherketone (PEEK) as an 
adhesive for steel-to-steel joints have been investigated. Interracial chemistry, which 
plays an important role in determining whether adhesion will be poor or good at PEEK/ 

steel interfaces, involved the following reactions. Oxygen-catalysed deformation of PEEK 

in air led to a low rate of crystaiiinity, which gave poor adhesion to the steel surfaces. 
The enrichment of Fe203 by extensive oxidation of the interfaces also created an 
undesirable boundary region, thereby indicating that failure occurs cohesively through 
this weak Fe203 layer. X-ray photoelectron spectroscopy (XPSJ data suggest that there 
is no chemical interaction of well-crystallized PEEK with Fe203 at the top surface of 
steels. In contrast, in nitrogen, interfaciai Fe~ and Cr-O-C complexes, formed by a 
charge transfer between elemental Fe or Cr in steel and oxygen in the ketone groups 
(C=0) of crystallized PEEK, contributed significantly to strengthening the PEEK-to-steel 
bonds. 

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

Crystalline polyaryl thermoplastics, such as 
polyphenylenesulphide (PPS), polyphenyletherether- 
ketone (PEEK) and polyphenyletherketone (PEK). have 
common chemical features consisting of aromatic 
backbone chains coupled with oxygen, ketone and/or 
sulphur. When these linear polymers are left in an 
oven at a temperarure above (heir melting point of 
>280°C, chain extension of (he main phenyl groups 
caused by melting leads to molecular orientation, 
which is reflected in the crystallization of the polymers 
during cooling from the melting temperature to a lower 
temperature. Such crystallization behaviour of the 
polyaryls gives them specific, desirable characteristics 
as adhesives such as high temperature stability, high 
radiation, chemical and hydrothermal resistance, and 
good mechanical and dielectric properties. Thus, 
polyaryls have become of increasing interest for 
applications in coatings, as adhesives and in 
composites. 

In a previous study, the authors investigated the 
interfaces of PPS-IO-metal joints prepared in oxygen 

(OS) or nitrogen (N2) environments at 350°C'. The 
results suggested that the strength of the bonds 
depends primarily on the species of sulphur-related 
iron compounds formed as reaction products at the 
interfaces. The formation of oxygen-catalysed reaction 
compounds by the introduction of oxygen into the 
interfaciai regions gave better adhesion than the bond 
structure assembled in N2 gas. 

As part of our ongoing research to understand the 
chemical nature and role of the interfaces contributing 
to good adhesion of polyaryls to metal substrates, we 
next focused upon the PF.EK compound, studying its 
adhesion to metal in an air or N2 environment at high 
temperature. There were two major objectives; one was 
to understand the thermal characteristics, crystalline 
behaviours and changes in chemical conformation for 
the bulk pr.r.k polymer: the other was to examine the 
degree of crystaiiinity of PP.F.K adjacent to metals, and 
to model the interfaciai bond structure and the failure 
mechanisms of the bonds in PHV.K-to-metal joint 
systems. All our results were correlated directlv with 
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Che iap-shear bond strength of metal-to-metai 
specimens with PEEK adhesive bonds. 

Experimental details 

Materials 

The metallic substrates used were commercial AISI 
1010 cold-rolled steel (CRS) and .AISI 304 stainless steel 
(ss). Before depositing the PEEK film, the surfaces of 
these steels were wiped with acetone-soaked tissues to 
remove any gross contamination. PEEK powder (an 
average molecule weight of 40 000) used for making a 
slurry was supplied by Imperial Chemical Industries 
(ICI). The PEEK slurry consisted of 45 weight % (wt%) 
PEEK and 55 wt% i sop ropy! alcohol. 

Measurements 

Information on the thermal and crystallization 
properties of bulk PEEK polymer in air or in a 99.9% Ni 
environment was gained using the combined 
techniques of thermogravimetric analysis (TGA), 
differential thermal analysis (DTA), differential 
scanning calorimetry (DSC). X-ray diffraction (XRD) and 
X-ray photoelectron spectroscopy (xp$). These 
properties included the thermal decomposition 
temperature 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 interlaces 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 (BE) 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-sections for core-level excitation. To 
set a scale in all the high-resolution XPS spectra, the 
binding energy was calibrated with the Cis of the 
principal hydrocarbon-type carbon peak fixed at 
285.0 eV 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 data, the PEEK interfaces removed from 
the substrates were explored with scanning electron 
microscopy (SEM) and XRD. 

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 
strips (50 mm long and 15 mm wide), a 10 X 15 mm 
lap-area was coated with PEEK adhesive. The 
overlapped metal specimens were placed in an oven at 
400CC for 2 h, and then cooled to room temperature at 
the rate of ~I0°C min-1. The thickness of the 
overlapped PEEK film ranged from 25 to 75/im. 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 

Properties of bulk PEEK 

A thermal analysis, combining RJA and DTA, revealed 
the decomposition characteristics during pyrolysis of 

400 
Temperature 

Fig, 1      TGA and DTA curves for the thermal decomposition of bulk PEEK 
heated in air or N., at a rate of 1 0°C min~ ' 

"as-received' PEEK powder samples in air or in N: gas 
(Fig. 0- The TGA curve for the N2 sample (dotted line) 
indicated that thermal decomposition (7"d) starts near 
610°C. followed by a weight loss of ~40% between 610 
and 700°C- This reduction reflects directly on the DTA 

endothermic peak at 660°C. Beyond 700° C. weight loss 
occurs gradually. Distinctive differences are seen 
between the N2 sample and the sample pyrolysed in 
air. namely, the TGA curve has two decomposition 
stages: the first begins around 570°C and the second 
occurs between ~6I0 and ~750"C. These 
decompositions, reflecting the DTA peaks at 620 and 
7I0°C represent two different PEEK structures that 
appear during pyrolysis in air. In addition to these 
findings, a large weight loss of >90% occurs at ~730°C. 
This loss is more than double that of the N? sample 
pyrolysed at the same temperature, suggesting that the 
attack by air at a high temperature significantly 
promotes the oxygen-catalysed decomposition of PCEK. 

Fig. 2 gives the cyclic DSC curves at different 
heating-cooling rates of ±2, 5 and 10°C min~' in N; at 
a temperature range from 75 to 400°C. Cooling from 
400°C to low temperatures was accomplished using a 
DuPont Mechanical Cooling Accessory equipped with 
a DSC. At the lowest rate of ±2°C min-1, the typical 

28 INT.J.ADHESION AND ADHESIVES JANUARY 1992 



— After exposure in 400*C - Nj 
- Afrer exposure in 400°C -air 

100 200 300 400 
Temperoture (gC) 

Fig. 2     Cyclic DSC curves of PEEK at heating-cooling rates of ±2, 5 and 
10°Cmin"' ir» the temperature range 75 to 400°C 

ihermodynamic DSC scan, heated to 400°C, had rwo 
endothermic peaks at 145 and 340°C. revealing the 
glass transition point. Tv and the melting point, 7"m, 
respectively. On cooling the melted samples, an 
exothermic peak, which represents the heat evolved by 
the crystallization of PEEK, was recorded at 308 °C. This 
exothermic crystallization point, Tc, 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 7"g and Tm 

temperatures slightlv increase, while Tc shifts from 
308°C at the rate of"-2°C min"1, to 298°C at 
— 10°C min"'. From the above TGA and DSC results, the 
Tm, Tc and Td of PEEK in an N2 environment occur 
around 340, 300 and 610°C. respectively. 

On the basis of this information, a cyclic DSC 
experiment was planned to find the repeated melting- 
crystallization characteristics of the same samples at 
temperatures ranging from 400 to 25qC in air or N?. 
Accordingly, samples were prepared in the following 
way: DSC aluminium open pans were tilled with 
samples of approximately 5 mg. and then placed in an 
oven at 400°C in air or N2 for 2 h. The melted samples 
were subsequently cooled to room temperature at the 
rate of — —10°C min-1. Then, the HEEK-filled open pans 
were sealed with aluminium covers. The sealed 
samples were heated again to 400°C at the rate of 
+ I0°C min-1 and immediately cooled to I50°C at the 
rate of - 10°C min"1. The resulting DSC curves are 
shown in Fig. 3. The figure shows a curve with a 
feature similar to that recorded on the PEEK sample 
(Fig. 2) prepared in N3 (unbroken line). In contrast, the 
curve of the air-induced sample (dotted line) disclosed 
rwo endothermic peaks at temperatures of ~310 and 
~330°C. and a broad-weak exothermic peak near 
260°C. The endothermic peak at ~330°C is reasonably 
thought to be due to the Tm of PEEK. Similarly, the new 
peak at 3!0°C seems to reflect the melting point of a 
new compound formed by the oxidation of PEEK in hot 
air. The formation of such a new compound might be 
inferred by the appearance of the weak exothermic 
peak, reflecting a lower degree of crystallinity 
compared with that of the Ni samples. 

To visualize the mutuality between poor 
crystallization behaviours and changes in molecular 
conformation of the oxidized PEEK polymers, XRD and 
XPS analyses were made of the 400°C air or N-. Illm 
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Fig. 3     Cyclic DSC curves for PEEK samples prepared in N2 or air st 
400"C 
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Fig. 4     XRD patterns of PEEK prepared in N2 or air 

samples. Fig. 4 shows the resulting XRD tracings, 
ranging from 0.XX4 to 0.274 nm. The XRII pattern of the 
Nj sample indicates (he presence of four </-spaeings. 
0.467. 0.42. 0.379 and 0.307 nm. corresponding to the 
(110), (102) or (II I). (200) iind (211) planes, respectively4. 
Dramatic changes in the features of the diffraction 
pattern were seen in the air samples, in which the weak 
lines at (110) and (200) reflections were still present hut 
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the (21 1) plane of PEEK had almost disappeared. Thus, 
we can assume that the oxidation of PEEK inhibits (he 
progression of crystallization, whereas heating in N4 
results in the development of well-crystallized PEEK. TO 

understand the reason for the poor crystallization of 
the sample treated in air. we inspected the surfaces of 
PEEK films with XPS after exposing them for up to 24 h 
in air or N-^ gas at 400°C. The extent of surface 
oxidation as a function of exposure time was estimated 
by comparing the ratio of carbon and oxygen on the 
surface. The data were obtained from the XPS Qs and 
0|s peak areas, which were converted into elemental 
concentrations by means of the differential cross- 
section for core-level excitation. As shown in Fig. 5. the 
C/O ratio of the 400°C air-treated film surfaces rapidly 
decreases with increasing exposure time, suggesting 
that oxidation leads to the incorporation of additional 
oxygen into PEEK surfaces. However, no significant 
changes in C/O ratio were found on the 400°C Ni- 
treated surfaces. To substantiate this information, we 
examined the high-resolution spectra of the C|s and 0(s 

core levels for surfaces after exposure for I. 3 or 24 h to 
N: or air at 400°C. Fig. 6 shows the C|s and Ois regions 
of Nytreated surfaces. Spectral deconvolution in the 
C|s region for a 1 h-exposed surface showed the 
presence of four resolvable peaks at BE positions of 
285.0, 286.5. 287.6 and 291.6 eV. According to the 
literature-"*"', the principal component at 285.0 eV 
reflects carbon in the aryl groups. The assignments of 
the peaks at 286,5 and 287.6 eV as minor components 
are due to C in ether (C-O-C) and in ketone (C = 0). 
respectively: the component at 291.6 eV is attributable 
to the IT-*-n* shake-up satellite peak of conjugated 
C = C bonds in the phenyl rings. When the exposure 
rime was extended to 24 h. spectral features similar to 
those of the i h-exposed sample were depicted on the 

Fig. 5     Changes m ihe C/O ratio of PEEK ülm surface as a lunction of 
exposure limes up (o 24 h in air or N2 <K 400"C 

film surfaces, implying that hot N; gas does not cause 
any conspicuous change in the molecular conformation 
of PEEK. The 0(s spectra of both the I h- and 24 h- 
exposed films had two peaks at 533.6 and 532.2 eV. The 
former, as the major O-related component, belongs to 
the ether oxygens in the PEEK, and the latter belongs to 
ketone oxygens', Although the Cis and Ojs regions for 
the 3 h-exposed films are not presented in the figure. 
the spectral features of these core levels were similar to 
those for the 1 h- and 24 h-exposed films. The Cjs and 
0|s regions of a hot air-treated film are given in Fig. 7. 
In the C|S region of films exposed for 1 h. the spectral 
structure closeiy resembled that of the N^-treated film. 
After a 3 h exposure, the spectrum was characterized 
by a significant attenuation of the n-+n* shake-up 
peak at 291.5 eV. while maintaining almost the same 
peak position of the aryl carbons. C-0 and C = 0 at 
285.0. 286.5 and 287.6 eV. By comparison with these 
spectra, there were striking changes in the features of 
extensively oxidized film surfaces after 24 h treatments: 
(1) the disappearance of the n -+■ rr* component: (21 the 
emergence of a new peak at 289.5 eV: and (3l the 
overall decay of the C[S signal. A possible reason for 
the first result, the disappearance of IT -~+JT*. is the 
break-up of /T bonds in the phenyl rings due to oxygen 
atoms impinging on the PEEK surfaces. The peak at 
289.5 eV (the second change) is assignable to carbon 
originating from carboxyl groups (-0-C = 0)''. The 
third result reflects the decay of ether, ketone and aryl 
groups. Inspection of the 0|s spectra provided further 
insights on the oxygen-catalysed decomposition of 
PECK. The 0ls spectrum (Fig. 7) for the 1 h-aged films 
contains two distinct lines, due to ether oxygen atoms 
at 533.6 eV as the major component and carbonyl 
oxygen atoms at 532.2 eV as the minor one. After 
exposure for 3 h. there is a reduction of line intensity at 
532.2 eV. Extended oxidation times to 24 h led to the 
emergence of new peak at 532.7 eV corresponding to 
the carboxyl oxygen atoms, while the line intensity of 
C = 0 continuously diminished. Thus, the high degree 
of oxidation o( PEEK not only promotes the breakage of 
bonds within the aryl groups and the rupture of ketone. 
which directly links two phenyl rings, but also results 
in the formation of carboxyl groups from the 
incorporation of additional oxygens into the damaged 
PEEK structure. However, the mechanism of oxygen- 
induced decomposition of PEEK remains obscure. 
Overall, these data clearly demonstrate that the 
decomposition of aryl and ketone groups brought 
about by the increasing oxidation of PEEK significantly 
inhibits the rate of ervstallinirv. 

Interfaces of PEEK-to-metal joints 

In preparing the metal-to-pr.rK joints, the cold-rolled 
steel (CKS) and stainless steel (ss) surfaces were wiped 
with acetone-soaked tissues to remove any contain ill- 
ation from mill oil. The I'tik film wa.s deposited on ihe 
surfaces of the <_ KS and ss substrate:» in the following 
way. First, the substrates were dipped inn» a PI (K 

slurry, consisting of 45";. wi";. IM I-K and 55 wi".. 
isopropylalcohol at 25LlC\ Then (he slurry-coated 
substrates were heated in air or N^ >n 400 °C for 3 h to 
melt the PH K powder, and. at the same lime, to 
volatilize the isopropy I alcohol. To induce crystallization. 
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the melted PEEK was cooled to room temperature ax the 
rate of —10°C min-1. 

Fig. 8 shows the lap-shear bond strengths of the 
metal-to-metal PEEK adhesive joints. The data verified 
that the bond strengths depend primarily on the 
ambient atmosphere during the melting-crystallization 
process, and on the species of substrate. The strengths 
of specimens prepared under N;> are much higher than 
those for specimens made in air. Also, the development 
of interfacial bond strength in the SS/PEEK joint system 
is better than (hat o\' the CRS/PEEK system. 

To clarify the causes of good and poor interfacial 
bonds, xps was used to explore failure surfaces. The 
XPS chemical composition of acetone-cleaned CRS and 
ss substraie surfaces, and the PEEK surfaces made in N^ 
and air a I 400 °C. are given as reference data in 
Table 1. Table 2 shows (he elemental compositions for 
the cross-section samples of (he PETK/CRS joint system 
alter exposure to N] and to air. In Ni. the interface 
chemical constituents of the PEEK and CRS sides were 
similar to those of the hulk PEEK and base CRS surfaces 
(Table I), suggesting that failure occurs at the interface 
berween PEEK and CRS. There was a striking difference 

between these findings and those from the air-treated 
samples: namely, a large amount of oxygen, a low 
amount of carbon and 3.7% Fe, belonging to the CRS. 

was detected on the PEEK side removed from the CRS 

substrate. Therefore, failure can be figured as a 
cohesive mode which occurs through Fe-related oxide 
compound layers at the top surface of CRS. close to 
PEEK. This failure mode suggested that the introduction 
of air into the interfacial zones promotes the extent of 
interaction between PEEK and Fe oxides. We believe 
that such reaction products are much stronger than 
those of Fe oxide layers. 

To support this information, we inspected the high- 
resolution Cls and Ot> core-level spectra of both the 
PEEK and CRS interfacial sides for Ni- or air-treated 
samples (Figs 9 and 10). In N:. the spectral feature of 
the C\„ region tor (he PEEK interface (see Fig. *)) closely 
resembled (hose of (he bulk PEEK surfaces (Fig. t>) 
prepared in the same environment. The C|„ region of 
the interfacial CRS side has at least four resolvable 
Gaussian components :it 285.0. 28b.5. 287.6 and 
28l).2 eV. which reflect (he C in hydrocarbons, ether or 
alcohol, aldehyde or ketone. and carboxylic acid or 
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ester, respectively7. No n -*■ rr* shake-up satellite near 
291.5 eV was found on the failed CRS sides. Thus, these 
carbon species detected from the CRS sides are more 
likely to be associated with the contaminating carbons 
in CRS itseif, rather than being PEEK-related carbons. As 
expected, the 0]S spectrum for the PEEK interface 
features a typical PEEK 0|S structure containing a major 
line at 533.6 eV originating from O in ether and a 
minor line at 532.2 eV from O in ketone. By 
comparison with the PEEK side, a distinctive 0\s signal 
structure was seen on the CRS interface; namely, a 
principal component at 530.5 eV, and minor ones at 
532.2 and 533.6 eV. The 530.5 eV line can he ascribed to 
oxygen in the ferric oxide {FenOi)x. In fact, the 
formation of Fe^O-» also was continued from the main 
core line at 710.9eV in the Fe^,^ region (not shown). 
The other lines at 532.2 and 533.6 eV seem to 
correspond to oxygen in ketone or aldehyde, and ether 
or ester, as the contaminants of CRS. Fig. 10 gives the 
C(S and 0|,; regions lor both interfacial sides alter 
treatment in air. As shown. C|s and 0|„ spectral 
features similar to those of the CRS interface were 
observed from the interfacial I*F.E

:
K side. This finding 

implied that the FeiOj compounds and contaminating 
species are transferred from the CRS to the PEEK side as 

the interfacial bond progressively fails. One important 
factor affecting a better bonding performance is the 
degree of crystallinity of the PEEK film adjacent to the 
CRS. Fig. 11 illustrates the XRD tracings for the cross- 
section PEEK samples of PEEK/CRS joint systems 
prepared in NT or air. The diffraction patterns for (a) 
the N2 and (b) the air samples showed features similar 
to those obtained from bulk PEEK (Fig. 4): namely, a 
wel(-crystallized PEEK layer in the vicinity of the CRS 

substrate is formed when the joint is prepared in Ni. 
In contrast, the introduction of oxygen into the critical 
contact zones of the interface for the air-treated 
systems resulted in a low degree of crystallinity of PEEK 

adjacent to the substrates. Such an effect appears to be 
due to oxygen-catalysed deformation of the PEEK 

structure, signifying thai the major phase of interfacial 
PEEK layers is the amorphous-type polymer. Although 
PEEK was damaged by the attack of oxygen, the VPS 

data suggested that oxidized PEEK favourahly links to 
FciOi on the top surface of rRs. The bond strength of 
air-treated specimens is much weaker than that ot 
Nytreated specimens, possibly because oxidation at the 
PEEK/CRS joints results in an extensive production ol 
mechanically weak Fe^O.i layers, rattier than the loss 
being caused by the poor crystallization ot PEEK. In 
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fig. 8     Lap-shear bond strength lor meial-to-metal PEEK adhesive joints 
prepared <n air or N, at 400°C 

fact, XPS inspection of the failing sides showed that 
they expressed the cohesive mode in which bond 
failure occurs through the FeiO^ layers. 

Table 3 presents the elemental compositions for 
both interfacial failure sides in the PEEK/SS joint 
system. For the sample made in N-,. the PEEK interface 
had a composition closeJy resembling that of the 
reference nr.iiK (see Table !). The amount of C detected 
on ihe ss side was considerably greater, and the 
amount of O and Fe substantially less than that 
observed on the reference ss surface, while there was 
no signal lor Cr, thereby accounting for a certain 
amount of reaction products remaining on ihe inter- 
facial ss surlaces This finding suggested that ITP.K 

favourably reacts with the ss surfaces. Hence, failure is 
certain to occur through the PKI K adhesive layers. On 
the other hand, a different locus of failure was 
observed from the air-treaied adhesion sample; the 

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

Coatings and 
substrates 

Atomic concentration (96) 

O Mn     Fe Cr 

PEEK made in N2    87.5       12.5       —      — — 
PEEK made in air     86.9       13.1       —      — — 
CRS 25.8       59.9       1.7     12.5 — 
SS 58.3       34.4      — 5.5 1.8 

CRS — 1010 cold-rolled steel; SS — 304- stainless steel 

Table 2. Chemical composition of both interfacial 
failure sides for N2- and air-treated PEEK/CRS joint 
systems 

Failed side    Atomic concentration {%) Heating Failed 
environment 

N2 PEEK 
N2 CRS 
Air PEEK 
Air CRS 

Mn    Fe 

87.9 12.1 — — 
30.7 58.1 1.5 9.7 
47.8 48.5 — 3.7 
34.3 59.6 0.8 5.3 

chemical compositions of the interfacial PEEK and ss 
sides are similar to those of the reference sample 
surfaces except that more O was incorporated into the 
ss side, implying that the interfacial ss was oxidized 
during exposure 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 products and bond 
structure at the interfaces of Nyinduced PEEK/SS joints 
is of particular interest. Again, to obtain this 
information, we investigated the XPS C!s and Ojs core- 
level spectra for both the interfacial PEEK and ss 
surfaces (Fig. 12). The C($ region of the interfacial SS 
side exhibits the n-*n* satellite peak at 291.5 eV. 
corresponding to a residual amount of PEEK adhering 
to the ss surfaces, while an additional new peak 
appears at BE position of 287.1 eV. This new peak. 
situated between the C-O at 286.5 eV and the C = 0 at 
287.6 eV. mav reveal the formation of metal-O-C 
complexes     . In fact, the 0\s core-level spectrum of 
the interfacial ss side shows a conspicuous peak at 
53l.6eV. which we ascribe to metal-O bond 
formation \ and the attenuation of the C=0 peak in 
the PEEK at 532.2 eV. while an ether oxygen in the PEEK 

at 533.6 eV and Fe%Oi oxygen at 530.5 eV are present. 
Unfortunately, information on chemical bonding was 
difficult to obtain from the Fe und Cr core levels, 
because these signals were too noisy to analyse by 
deconvolution. Although further detailed \PS studies 
will he required to ascertain the C\ data, it is possible 
to assume (hat the metal-O bond species belongs 10 
the Fe or Cr-O-C model compounds which are 
generated through a mechanism involving a charge 
transfer reaction at the interfaces between the C=0 in 
ITI-K and the elemental Fe or Cr in ss. Thus, reactive 
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Fig. 9     C,. and 0,s. spectra at failed interfaces of the PEEK/CRS |oint 
system prep3re<i in M, 31 4Q0"C 

Fig. 10    Cls and 0„ regions at the interracial failure locus of the 
PEEK/CRS |Oini system prepared in air at 400"C 

Fe and Cr may break the C=0 double bond in the 
JTF.K molecules by Tormina Fe or Cr-O-C complexes 
where the charge density is transferred from the Fe and 
Cr to electron-accepting oxygens in functional C = 0 
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Table 3.      Atomic concentration of Nj- and air- 
treated PEEK/SS interfaces 

10 20 

Cu /ra 2ö 
30 

Fig. l l     XRO patterns <or mterfacial PEEK sides ir» (a) N2- and |b) air- 
ireated PEEK/CRS joints, and in (c) N2- ana |d) air-treated PEEK/SS |oints 

groups. Considering that most of the high lap-shear 
bond strength is conferred by the i»ri-K-to-s.s joint 
system, such an interfaced Fe or Cr-O-C covalent 
bond appears to play an active role in improving the 
strength of this bond. Compared with the N-» sample, 
the air-induced ss interface \Fig. 13) shows quite 
different CK and 0[s signals. Thus, there are no peaks 
present corresponding to the formation of metai-O-C 
bonds: otherwise, the spectral signals are similar to 
those of the CRS interface removed from PI'KK in air 

Heating 

environment 

Failed side     Atomic concentration [%) 

O Fe      Cr 

H2 

N2 

Air 
Air 

PEEK 82.8 17.2 - - 
SS 76.3 23.1 0.6 — 
PEEK 84.5 15-5 — — 

SS 41.1 53.9 3.7 1.3 

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

To further support our findings on the failure mode. 
we inspected by SEM the microstructure of the 
interfacial sides of PEEK film removed from ss in the 
joint system made in air or in N? (Fig. 14). The SEM 
micrograph of the failure surface on the PEEK side 
obtained from air-induced joints (Fig. 14(a)) shows 
numerous gutters and grooves, probably caused by 
being traced out by the profile of ss surface structures 
(not shown), reflecting the characteristics of the 
adhesive failure mode. By comparison with this image. 
a strikingly different one was observed from the PEEK 
interface in the N2-made joints (see Fig. 14(b)). 
Namely, the failed PEEK side showed very rough 
surfaces resulting from extensive plastic deformation, 
which is characteristic of the cohesive failure in ductile 
PEEK polymers. This failure mode probably explains 
why these specimens exhibited such high lap-shear 
bond strengths. Returning to the XRD tracings in 
Fig. 11, the diffraction patterns of the interfacial PEEK 
sides for the PEEK/SS joints prepared in N^ or air 
clearly verified that, although the species of metals is 
different, the oxygen-catalysed decomposition of PEEK 
caused by introducing air into the interfacial contact 
zones leads to poor crystallinity of PEEK in the vicinity 
of the SS substrate (see Fig. 11(d)). In contrast, well- 
formed PEEK crvstals are obtained in N2-induced joints 
«Fig. 11(c)). 

Conclusions 

In N2 gas. the melted polypnenyletheretherketone 
(PEEK) polymer can be exothermically crystallized on 
cooling to ~300°C. The thermal decomposition of well- 
crystallized PEEK begins at temperatures near6lO"C. In 
contrast, PEEK melted in air had a low rate of 
crystallinity, reflected in a weight loss more than twice 
that of the N: sample at ~730°C and the onset of 
thermal decomposition at lower temperature. Such 
poor crystallization behaviour mainly resulted from the 
decom posit ion of the PFFK structure caused by oxvgen- 
catalysed breakage ol'/r bonds in the aryl groups and 
rupture of the ketone groups. 

When Pi:EK was applied as an adhesive material in 
die m eta I-lo-metal joint systems, generally, the 
following four items were the major chemical factors 
governing the bond structure and failure of pr.r.K/metal 
joints prepared under air or N2 at 40()°C 

I) The bonding failure of Nyinduced Pi'EK/cold-rolled 
steel (CRS) joint was proposed as an adhesive mode. 
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in which del a min;.) uon tit" The PF.I:K film occurs at 
the ITT.K/CRS interface. No dear evidence was found 
for the chemical interaction of pp.r.K with an Fe>0* 
layer a« the top surface of c RS hy X-ray 
photoe lee iron speciroscopy (XPS), 

2) The lowest bond strength in this test series was from 
the air-induced ff-TK/cRs joint specimens. The lack 
of sirengih was more likely to he caused hy extensive 
formation of mechanically weak Fe-iOi layers at the 
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Binding energy (eV) 

Fig. 13     CK and 0,5 spectra ai the failure locus in the PEEK/SS |0int 
system prepared in air 
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Fig. 14     SEM micrographs of PEEK interfaces removed from (he PEEK/ SS joint system prepared in: (a) air; and (b) N, 

interfaces, rather than to the poor crystallization of 
the PEEK film adjacent to the Fe^Oj caused by 
oxidation, because cohesive failure, which occurs 
through the Fe2C>3 layer, was observed. 

3) Three important elements were responsible for a 
good bond at PEEK/metal joints: (a) the formation of 
Fe orCr-O-C complexes bonded covalently by a 
charge-transferring reaction between oxygen in the 
ketone groups of PEEK and elemental Fe or Cr in 
the metais; (b) the formation of a well-crystallized 
interfacial PEEK: and (c) the presence of a moderate 
amount of FeiOj. The Nrinduced PEEK/stainless 
steel (ss) joint fully met all of these interfacial 
requirements, developing maximum bond strength 
and having a cohesive mode in which failure occurs 
through the PEEK layer. 

4) Although the conversion rate of elemental Fe into 
FeiOj for interfacial s$ is lower than that of CRS in 
the air-induced PEEK/SS joint, poor crystallization of 
PEEK caused by oxidation resulted in a lack of 
interfacial chemical bonds, reflecting failure at the 
PEEK/SS interfaces. 
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Three different cationic polyurethane dispersions were synthesized and their adhesive 
properties tested on polyvinyl chloride/poiyviny I chloride, polyurethane /natural leather 
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; polyurethane dispersions; formulation; cross-linking; reaction 
kinetics; T-peel strength 

Polyurethane solution adhesives are widely used: 
however, for environmental protection reasons the 
solvent-borne systems will be gradually replaced by 
water-borne systems. During the last 20 years the 
synthesis and properties of polyurethane aqueous 
dispersions have been extensively studied by many 
authors1"" Due to the sensitivity of these systems to 
solvents and water, in some cases of application the 
linear molecular structure of the polyurethane 
ionomers could cause problems. This deficiency may 
be overcome by cross-linking the system during 
application^'6, for example by using trimerized 
diisocyanates. The cross-linking reaction can be 
followed by different methods, with infra-red (IR) 

spectroscopy7 and differential scanning calorimetry 
(DSC)

X
 being particularly convenient, 

In this work the adhesive properties of three cationic 
polyurethane dispersions to four different materials 
were examined. In some experiments the polyurethane 
ionomers were cross-linked during application. The 
kinetics of the cross-linking reaction were studied by IR 

spectroscopy and nsc. 

Experimental details 

Preparation of dispersions 

The cationic polyurethane dispersions were synthesized 
from polycaprolacione (CAPA. .'V/ri = 20(10 from Solvay). 
1.4-butanediol (MIX from Bayer), N-mcthyl- 
diethanolamine (NMDf-A. from Merck), isophorone 

diisocyanate (IPDI. from Huels) and toluene 
diisocyanate (TDL 80% of the 2.4 and 20% of the 2.6 
isomers. from Soda So) using a standard prepolymer 
process'1. 

[n the first step the isocyanate prepolymer is formed 
from the polymeric diol (polycaprolactone) and an 
excess of diisocyanate. The prepolymer is then 
dissolved in a low boiling solvent (normally acetone) 
and chain-extended by low molar mass diols. part of 
them containing ionic groups (1.4-butanedioL 
N-methyldiethanolamine). In the next step the ionic 
groups are neutralized and the dispersion is formed by 
addition of water under vigorous stirring. The solvent 
is removed by vacuum distillation and a purely 
aqueous dispersion is obtained, as shown in the 
reaction scheme illustrated in Fig. I. 

The ionomers differed in their molar ratio of IPDI to 
TDI — i.e.. 3:1 (samples I and 3) and 1:1 (sample 2) — 
and in their molar ratio of c \PA to BD — i.e.. 1:4 
(samples I and 2) and 1:2 (sample 3). The 
concentration of ionic groups in all cases was 
0.30 mmol g~ . Formulations are given in Tahle I. 

For some of the adhesion tests ihe 20% dispersions 
of the polyurethane ionomers were thickened with 2 
weight % (wt %) SiO:. 

During application the dispersions were cross-linked 
by trimeri/ed hexamethylene diisocyanate (Desmodur 
N from Bayer, containing ) 1% of NCO groups) or bv 
isoeyanurate trimer (Desmodur DA from Bayer, 
containing ll).5% of NCO groups). In both cases 10w(% 
of the cross-linking agent was added, calculated on the 
solids content of the dispersion. 

01 43-7496/92/010038-05 «3 1992 Butterworth-Heinemann Ltd 
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[57] ABSTRACT 
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polyitaconic acid and poiyacryiic acid, '-vnere such 
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primers between a polymeric top coating, such as poiy- 
urethane. and an oxidized aluminum or aluminum aiioy. 
A near monolayer of primer is used in polymeric ad- 
hesive/oxidized aluminum adhered joint systems in 
0.05% pnmer concentration co give superior results in 
standard peei tests. 
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POLYACID MACROMOLECULE PRIMERS 

This invention was made wich Government support 
under contract number DE-AC02-76CH0OQ16 berween   5 
the U.S. Deparnnent or Energy and Associatna Univer- 
sities, Inc. The Government has certain ngim m the 
invention. 

BRIEF DESCRIPTION OF THE INVENTION 10 
The present invennon describes the formulation and 

use of hydro phiiic- type polyacid macro molecules, usu- 
ally with molecular weights greater than 50.000, to 
significantly enhance the surface characterisncs of oxi- 
dized aluminum and aluminum alloys. When these poly- 15 
acid macromolecules, which contain functional carbox- 
yiic acid pendent groups are used as a coupling or cross- 
uniting pnmer in poiymenc adhesive/oxidized aiumi- 
aum adherend joint systems, they preferentially interact 
both with the hydrated oxide aluminum adherend to 10 
conn hydrogen bonds and with ehe functional groups in 
the adhesive r.o yield polymer-to-ooiymer chemical 
bonding. This chemicai coupling between ehe hydrated 
adherend and the poiymenc adhesive acts signiiicandy 
to promote intenacial adhesive bonds. It appears chat a 25 
near monolayer of polyacid is enough to occupy ail 
available functional groups at the adhesive and alumi- 
num surface Mies. This arrangement plays a key role in 
governing the adhesion durability of the joint system 
and the corrosion resistance of aluminum upon expo- 30 
sure to a corrosive fluid. The bond stability and corro- 
sion protective ability are due primarily to the forma- 
tion of interfaciaily produced hydrophobic reaction 
products. 

BACKGROUND OF THE INVENTION 

The important factors that determine the ability of 
polymer coatings to protect structural aluminum sur- 
faces from corrosion are Che magnitude of ehe wettabil- 
ity of the AI surface by liquid polymer materials and ehe 40 
stability of the inceracnon products formed at polymer- 
to-Ai interfaces. In order to achieve enhanced wertabtl- 
iry, the Ai surface should have a high surface tree en- 
ergy for enhanced surface reactivity and sufficient 
roughness to provide a iarge surface area for promoting ^5 
wetting and mechanical locking, if the chemicai inter- 
action at the polymer/Al joint results in the formation 
of valence bonds, mainly covalent, the interfaciaily- 
formed interaction products wiil not only result in an 
increase in the basic adhesion, but also contribute to a 50 
modification of ehe chemical composition at ehe intena- 
cial regions. This modification should be associated 
wich the formation of hydrophobic interaction products 
which can be expressed as passivanng layers. 

To date, two commercial surface preparations for Ai. 55 
the  Forest   Products   Laboratory   (FPL)  preparation 
[Eichner et ai.. Forest Products Laboratory Repon No. 
1813, Madison, Wis., 1950] and the Phosphoric Acid 
Anodization (PAA) process [Kabayaski et ai., Boeing 
Corporation   Report  No.   D6-41M7.  Seattle,  Wash., 60 
1974], have been widely applied to promote intenacial 
bond strength at aluminum adhesive joints. The purpose 
of these surface treacments is not only to increase the 
roughness of the Al surface thereby enhancing the me- 
chanical interlocking bonds, but also  to  modify the 65 
surface chemical compositions. 

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

when the freshly etched aluminum surface is expo sea to 
moisture, hydranon begins to occur. Considerable at- 
tention has been given to the growth and transforma- 
tion of the FPL oxide to a hydrated oxide .Ai in the 
intenacial regions as this interface was exposed at van- 
ous times to a humid environment. The chemicai trans- 
formation commences when the moisture penetrates 
through the polymer layer and reaches the original 
adherend oxide adjacent to the adhesives. The reaction 
of Al oxide with moisture results in the formation of the 
hydrated oxide Al which represents a different mor- 
phology from ehe original oxide. This intenacial con- 
version of AI oxide to hydroxide leads to the generation 
of adhesion stress and swelling and the promotion of 
crack propagation at or near the Al-hydroxide inter- 
faces, thereby resulting in bond failure and ehe lmtiacion 
of conosion. In either ehe FPL or PAA treatment, an 
oxide adherend that will resist attack by moisture is the 
criricai element for bond durability. 

Prior an approaches to dealing with ehe moiscure 
problem involve ehe tailoring at the reactive surface 
nature using organostlane and ticanate derived coupling 
agents as chemicai modifications tor Ai oxide and hy- 
droxide surfaces. However, oligomers or unreacted 
mono suanois are still present in the coupling layers. 
The presence of unreacted functional silanoi leads to 
the hydrolysis of the coupling Layer brought about by 
penetration of moisture through ehe adhesive, as the 
adhesive/coupling/adherend joint system is exposed to 
high humidity environments. This relates directly to the 
hydrolytic deiaminaeon failure mode. 

The simplicity of polyacid molecules such as the 
polyacrylic acid (PAA) and polyitacomc acid (PIA) 
macromolecules, which consist of —Cttz—CH— mam 
chains and functional carboxylic acid pendent groups, 
makes chem very attractive for use in resolving the 
problems presented by the prior an matcnais. Work 
related to ehe nature of intenacial reactions which pi ay 
key roles m determining the extent of bonding between 
PAA/PIA and crystalline hydrate conversion coatings 
deposited as corrosion protective films on steel surfaces 
ts known [Sugama et ai.. J. Maser. Set. 19. 4045. 1984]. 
Even though the rough surface morphology of the 
conversion coatings enhances the intenacial mechanical 
bonding, the regularly oriented pendent carboxylic acid 
groups at the interface are readily accessible to proton 
donor-acceptor interactions to form hydrogen bonus 
with the polar hydroxyl groups which occupy ehe out- 
ermost surface sites of hydrated crystal layers. This 
interaction behavior of PAA/PIA has been found to 
play an essential role in promoting good uiterfacial 
bond performance. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows the ptxi strength as a function of primer 
concentration for: (1) poiyurethane (PUVPLA/AI ',o); 
(2) PU/poiyvmyipyrroiidone (PVP)/A1 ; (3) PU/- 
polyacryiamide (PAM)/AI (O); and (4) PU/polystv- 
reneaulfomc acid (PSSA)/A1 (A) joint systems before 
and after exposure for 30 hours to hot alkali at 30* C. 

FIG- 2 shows the variation in 180" -peel strength of 
PU-PAA-aiununum joints, before and after exposure to 
hot NaOH solution, as a function of PAA concentra- 
tion. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

The present invention relates to a polymer topcoat, 
poiyacid pnmer. and oxidized aluminum or aluminum 
alloy in a sandwich construction. The poiyacid is se- 
lected from macromoiecules > 50,000 M.W,, with 
poiyitaconic acid (PIA) and poly aery iic acid (PAA) 
bang preferred. The poiyacid is applied in near mono- 
layer depth. This primer technique overcomes the poor 
bond strength that results from the prior art approaches. 
Comparative peel strength of one preferred embodi- 
ment of the present invention PU/PIA/A1 compared 
with convendonal polymeric coats is shown in FIG. 1. 
As seen in FIG. U the peel strength of the unexposed 
PU/AI control specimens prepared without the use of 
primers, was increased by more than three times when 
a PIA intermediate pnmer layer was applied. In con- 
trast- the use of polyvtnylpyrrolidone (PVP), polysty- 
renesulfonic acid (PSSA), and pol yacryl amide (PAM) 

primers was less effective. 
The present invennon describes the role and nature ot 

PAA and PIA for use as a praner in adhesive-treated 
aluminum joint systems. In one embodiment of the pres- 

10 

15 
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quendy, the proton-donating COOH groups form 
strong hydrogen bonds with the polar hydroxyl groups 
as proton acceptors which form on the outermost sur- 
face sites of oxidized aluminum. The preferred hydro- 
gen bond formation in the interracial regions is responsi- 
ble for the development of interfacial bonding in 
PAA/PIA adherend joints. The presence of discontinu- 
ous salt formation at the interface, which results from 
the presence of nuclcophilic Na-*-, Ca*+, and Cu2 ^ 
ions on the etched surface, results in locaily generated 
disbondment, thereby reducing the bond strength. Thus 
such salt formation should be avoided. 

In addition, the use of a PAA or PIA primer im- 
proves the peel strength of the PU polymer/adherend 
joints because of the interracial chemical reaction oc- 
curring between the carboxylic acid groups of PAA 
and PIA. and the isocyanate groups in the PU topcoat- 
Good bond performance and durability brought about 
by the use oi PAA or PIA is associated not only with 
the chemical crossUnking functions connecting the hy- 
drated oxide aluminum with the PU adhesive but also 
with the optimum thickness of the intermediate pnmer 
layers. The latter means that the PAA/PIA film should 
have only enough functional groups to occupy all avail- 

ent invention, the joint systems can be composed o( a 25  able hydroxyl and isocyanate groups at the adherend 
Forest Product Laboratory (FPL) process-etched alu- 
minum adherend, poiyacid primers, with PAA and PIA 
pnmers being preferred, and polyurethane adhesive. 
The FPL aluminum etching process involves immers- 
ing aluminum in a hot chromic acid solution so that the 30 
surface is readily oxidized to form a layer of amorphous 
AI7O3 and Gamma-Al203 during the etching process. 
One of the most significant features of a fresh AI2O3 
surface is its extremely high susceptibility to moisture. 
The reversible physisorption of water is known as a first 35 
stage in the hydration process of Aiz03- When a freshly 
etched surface is immersed in cold water, an amorphous 
hydroxide is formed at the outermost  surface sites. 
whereas a surface treated with hot water reveals the 
formation of crystalline boehmite and bayerite outer 40 
layers.   Therefore,   the   compositions   of aging   FPL 
etched surfaces probably consist of aluminum hydrox- 
ide or hydrated aluminum oxide layers covering an 
aluminum oxide layer. 

The objective of the present invention is to use the 45 
poiyacid pnmer to promote adhesive bonding of the 
FPL adherend-PU adhesive joints and to improve the 
adhesion durability under hot alkaline environments, 
the type of environments found in geothermal applica- 
tions among others. 50 

The thin poiyacid pnmer films of a near monolayer 
(<50A) thickness, which are applied on the oxidized 
aluminum alloys, are prepared as follows: (I) the acid- 
treated aluminum substrate is immersed in a <0.1% 
PIA or PAA solution in water for 5 min. at room tem- 55 
perature. and (2) the substrate is then oven heated at a 
temperature ranging from 100* to 150* C. for approxi- 
mately 30 mm. to solidify the poiyacid macromolecules. 

Tn order to achieve good adhesion of polymer adhe- 
sive to hydrated aluminum oxide or aluminum hydrox- 60 
ide adherend. water-soluble PAA and PIA macromoie- 
cules are applicable as a pnmer for the adherend-adhe- 
sive joints. When the poiyacid pnmer is contacted with 
FPL-etched aluminum surfaces, macromolecuies hav- 
ing regularly oriented functional COOH pendent 65 
groups are mobile enough to continuously wet the alu- 
minum oxide hydrate surface sues at which the interfa- 
cial chemical affinity is particularly favorable. Subse- 

and adhesive interface sites. In fact, the presence of a 
near monolayer of PAA or PIA film» produced using a 
0.05% concentration in an aqueous medium, plays a key 
role in achieving excellent bond durability in hot alka- 
line solutions. The crossiinking structure of the poiy- 
acid primer in the interfacial regions contributes signifi- 
cantly to the formation of a stable interfacial bond 
which is resistant to moisture because of transformation 
of hydrophiiic COOH to hydrophobic reaction prod- 
ucts at the interfaces. The near monolayer application 
of the poiyacid primer is critical. The presence of the 
additional COOH groups associated with thicker PAA 
and PIA layers contributes to gel-induced primer fail- 
ures beneath the PU topcoat. 

EXAMPLE I 

Materials and Methods Employed In Expenmencal 
Work 

The aluminum substrate used in the expenments was 
a clad aluminum sheet (denoted 2024-T3) containing the 
following chemical constituents: 92 wt % Al. 0.5 wt % 
Si, 0.5 wt % Fe, 4.5 wt % Cu. 0-5 wt % Mn. t.5 wt % 
Mg, 0.1 wt % Cc, 0.25 wt % Zn, and 0.15 wt % other. 
Commercially available PAA. 0.05 to 5.0% solution in 
water, having an average molecular weight (M.W.) of 
104,000, was employed as a primer coating to promote 
adhesive bonding. Polyurethane (PU) resin was applied 
as an elastomenc topcoaung. Polymerization of the PU 
was initiated by incorporating a 50% aromatic anune 
curing agent. 

The oxide etching of the aluminum was prepared in 
accordance with a well-known commercial sequence 
called the Forest Products Laboratory (FPL) process. 
As the first step in the preparation, the surfaces were 
wiped with acetone-soaked tissues to remove any or- 
ganic contamination. They were then immersed in 
chromic-suifuric acid (Na-jCrim^H^O: H-2SO4; Wa- 
ter =4:23:73 by weight) for 10 min at SO* C. After etch- 
ing, the fresh oxide surfaces were washed with deion- 
ized water at 30* C. for 5 min. and subsequently dned 
for about 13 min at 50" C. After drying, the surfaces 
were aged in the air at about 80% relative humidity tor 
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Vamnoni m 180* -Peel Screagtn at PU-PAA of PIA-AI Jcnnn, 
Scfors and After Exposure to Hai NaOH Soluncm aa a FuncQoti 

of Primer's TKicknes» anO Concentration 

Peei Strength. 

Conceotrmnoa 

Film 

Thickness 

icn/cm 
adore .After 

Primers arQ rcm Exposure Bxoosure 

non-etefteö 0 0 0.93 • 
Al 
rtched Al 0 0 L24 • 
PIA 0.03 1.0 5.35 4.10 
PIA 0.10 3.5 3.21 6.23 
PIA 0.50 10.0 3.00 2-10 
PIA 1.00 110.0 7.90 0.39 
PAA 0.05 1.5 6.10 2.38 
PAA 0.10 5.0 T.14 137 
PAA 0.30 27.0 8.20 0.63 
PAA 1.00 150.0 8.26 0.42 
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7 days. Ail the etched substrates were stored in a desic- 
cator to avoid adsorption of additional water. 

Thin PAA primer films were applied to the treated 
aluminum surfaces by immersing them in the PAA solu- 
tions for about 5 min at room temperature. After immer- 
sion, the substrates were left in an oven at 150* C. for 
about I hr, to solidify the PAA macromoiecuies. 

Commercial-grade poiyurethane (M313 resin. Lord 
Corporation) was applied as an eiastoraeric topcoating. 
The polymerization o( silica-filled PU composite was 
initiated by incorporating 3 50% aromatic amine curing 
agent M201. The initialed topcoat system was then 
cured in the oven at a temperature of 80* C 

EXAMPLE 2 

Preparation and Testing of Materials 

PU polymer was overlaid onto PAA- or PlA-coated 
aluminum substrates, and then the PU-coated specimens 
were subjected to a 0. IM NaOH solution at SO* C. for 5 
hr. All of the edges on the PU-coated plate specimens 
used m the tests to estimate the bond durability of the 
PU/PAA or PIA-10 min-etched aluminum adhesive 
joints were unprotected. The adhesion durability at the 
interface was evaluated on the basis of 180* peel 
strength testa performed at room temperature. For a 23 
comparison with the adherend properties of PAA- or 
PIA-overiaid substrate surfaces, two other substrate 
surfaces, aos-etched plain aluminum and etched alumi- 
num without a PAA or PIA coating, were also exam- 
ined The peei strength of the PU/PAA or PIA/etched 
aluminum joints before and after exposure to the NaOH 
solution were determined as a function of PAA and PIA 
film thickness and concentration applied on the etched 
surfaces. These results are shown in Table 1. For the 
unexposed specimens, a considerable increase in peel 
strength was noted as the amount of PAA and PIA 
deposited was increased from 0.05% to 0.3%. 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 concentration 
for development of peel strength as is shown in Table I. 

In contrast, the intrinsic adhesion mechanism ob- 
served at PU-to-etched substrate joints is more likely 
mechanical interlocking which relates directly to the 
surface roughness» This was thought to occur when PU 
ream set m the crater-like pits on the etched surface 
which gave a mechanical key. However, the physical 
interlocking formation appears to yidd a much stronger 
bond than that produced with an unetched smooth 
substrate surface. 

TABLE 1 

53 

60 

65 

30 

35 

40 

45 

■ S«p»«»oo« itilura of PU film 

EXAMPLE 3 

Peel Strength 

Peel strength measurements were performed on spec- 
imens after exposure to hoi alkaline solutions. As seen in 
FIG. 2, although ail specimens exhibit strength reduc- 
tion, the rate oi reduction depends upon the PAA con- 
centration and, therefore, the thickness of the primer. 
The iowest reduction in strength was obtained for spec- 
imens containing a 0.05% PAA pnmer layer which can 
be described as the formation of a near monolayer. The 
strength of the 0.1% PAA film which haa a thickness of 
about 45 nm drops to about 35% of its onginai value. 
At higher concentrations, the rate of reduction in- 
creases significantly, ranging from 88% for about 8-nm- 
thick film to for about 60-nm-thick film* 

Films of near monolayer thickness were less suscepti- 
ble to the hot alkali because of the existence of few 
hydroiyticaily sensitive free COOH groups in the 
pnmer layers. In this case, most of the functional 
COOH groups in a monolayer of PAA at the interface 
between the aluminum substrate and the PU topcoating 
can react chemically with the available polar groups 
such as hydroxyl and lsocyanate which are present on 
both the adherend and adhesive sun ace sites. Thus, for 
the best alkaline resistance, the PAA primers shouid 
have only enough functional groups to occupy all avail- 
able surface polar sites. A small proportion of functional 
groups in the primer is optimum. Since the nature of the 
reaction product formed in the interfaciÄi regions is 
important in achieving good bond durability, it should 
be noted that the chemical interactions at the PU-PAA- 
aluminum interfaciai boundaries form new reaction 
compounds with hydrophobic characteristics less sus- 
ceptible to the alkaline fluids. This hydrophobic struc- 
ture formed at the interface plays an important roie in 
achieving long-term bond durability in the chemically 
aggressive environments. 

I claim: 
1. A formed polymeric adhesive/polyacid/oxidized 

aluminum adherend joint system wherein the poiyacid 
is water-soluble has a molecular weight > 50,000 and is 
applied in near monolayer. 

2. The joint system according to claim 1 wherein rhc 
poiyacid is poiyacrylic acid. 

3. The joint system according to claim 1 wherein the 
poiyacid is polyitacomc acid. 

4. The joint system according to claim 1 wherein the 
polymeric adhesive is poiyurethane. 

5. A coupling and erc^stinking pnmer comprising a 
water-soluble poiyacid macromolecuie of a molecular 
weight > 50,000 near monolayer in depth used in. a 
formed polymeric adhesive/oxidized aluminum adher- 
end joint system,. 

<». A primer according to claim 5 wherein the poiy- 
acid is poiyacrylic acid. 

7. A primer according to ciaim 5 wherein the poiy- 
acid is polyitacomc acid. 

8. A primer according to claim 5 w herein the poly- 
racne adhesive is poiyurethane. 

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

10. A sandwich according to claim 9 wherein the 
poiyacid primer is poiyacrylic acid. 

11. A sandwich according to ciaim 9 wherein the 
poiyacid pnmer is polyitacomc acid. 

12. A sandwich according to claim 9 wherein the 
polymer is poiyurethane. 
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157] ABSTRACT 

Solutions and preparation methods necessary for the 
fabrication of metal oxide cross-linked polysiloxane 
coating films are disclosed. The films arc useful in 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 a monomeric organoalkoxysilane. a metal alkox- 
ide M<OR)„ (wherein M is Ti» Zr, Ge or Al; R is CH3, 
C2H5 or C3H7; and n is 3 or 4), methanol, water. HC1 
and NaOH. The invention provides a sol-gel 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 is then withdrawn from the solution. 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 time sufficient, and 
temperature sufficient to produce a poiymetallicsiiox- 
ane coating. 

27 Claims, 7 Drawing Sheets 
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Fig. 4 (a) 

Fig. 4(b) 
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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-AC02-76CH0OO16, be- 
tween the U.S. Department of Energy and Associated 
Universities, Inc. The Government has certain rights in 
the invention. 

BACKGROUND OF THE INVENTION 

The present invention includes solutions and the 
preparation methods necessary for the fabrication of 
metal oxide cross-linked polysiloxane coating films 
which are useful in providing heat resistance against 
oxjdation, wear resistance, thermal insulation, and cor- 
rosion resistance of substrates. 

In the past, ceramic coatings on metallic and plastic 
substrates have not been widely used pnmanly because 
many ceramic coatings can be applied and processed 
only at high temperatures (i.e.. only at temperatures 
above )00CT C.) using expensive and time-consuming 
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 to Nanao discloses a process 
for preparing a porous ceramic Film by applying an 
anhydrous solution containing an organometalhc com- 
pound and a multifunctional organic compound to a 
substrate and thermally decomposing the substrate. The 
organometalhc compound may be titanium alkoxide. 
Examples of the multifunctional organic compound 
include such organic compounds as giycenne. 1,4- 
butenediol. pentaerythritol. dextrin, arginic acid, 
methyl cellulose, ethyl cellulose, hydroxyethyl cellu- 
lose, carboxymcthyl cellulose, carboxymethyl starch, 
hydroxyethyl starch, polyvinylalcohol. and mixtures 
thereof. The thermal decomposition is conducted at a 
temperature of not less than 200° C. and then, if neces- 
sary, the coated substrate is baked. Nanao does not 
teach the formation of a polymctaliicsiloxane film at 
low temperatures as does the present invention. 

U.S. Pat. Nos. 4.455.414 and 4.347, 347, to Yajima. et 
al. disclose an organic copolymcr composed of a poly- 
carbosilane portion and a polymctaliicsiloxane portion 
cross-linked with each other and the process of making 
it. Neither patent teaches the formation of a polymctal- 
iicsiloxane film at low temperature as does the present 
invention. 

U.S. Pat. No. 4,028,085 to Thomas discloses the com- 
bination of a hydrolyzable metal alkoxide with a par- 
tially hydrolyzcd silicon tetraalkoxide to form a metal- 
licsiloxane solution. Thomas does not teach the applica- 
tion of the solution to a substrate nor does it teach the 
heating of the solution to create a ceramic-type polymc- 
taliicsiloxane coating. 

It is. therefore, an object of the present invention to 
provide a polymctaliicsiloxane sol-gel precursor solu- 
tion which can be used in the preparation of metal oxide 
cross-linked polysiloxane coating films which are useful 
in providing heat resistance against oxidation, wear 
resistance, thermal insulation, and corrosion resistance 
of substrates. 

It is an object of the invention to provide a sol-gel 
solution, and a method of use thereof, which can be 
applied and processed at low temperatures (i.e., at tem- 
peratures of less than 1000° C). 

20 
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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 appropriate expansion 
coefficient, especially during temperature cycling, so 

5 that separation of the coating film from the substrate 
will not occur. 

BRIEF DESCRIPTION OF THE INVENTION 

This invention relates to the formulation of sol-gel 
10 precursor solutions and the preparation methods neces- 

sary for the fabrication of the metal oxide cross-linked 
polysiloxane coating films. The metal oxide cross-iinked 
polysiloxane coating film enhances heat resistance 
against oxidation, wear resistance, thermal insulation 

15 and corrosion resistance of substrates such as aluminum, 
steel, magnesium, and titanium. The sol-gel precursor 
solution includes a mixture of a monomeric organoalk- 
oxysilane. a metal alkoxide M(OR)„ (wherein M is a 
transition metal; R is CH3, CiHsor C3H7; and n is 3 or 
4), alcohol, water and a chlorine containing acid. Suit- 
ably M can include Ti, Zr, Gc and Al. Preferably the 
alcohol is methanol, ethanol or propanol. The invention 
provides a sol-gel solution, which can be applied and 
processed at low temperatures (i.e., < 1000° C). Prefer- 
ably, NaOH is used to adjust the pH of the solution to 
about 7.5. 

Preferably, the monomeric organoalkoxysilane is 
selected from the group consisting of Nf3-(tricthoxysi- 

30 lyl) propyljimidazolc (TSPI) and N[3-triethoxysilyl)- 
propyl]-4,5-dihydroimidazole (TSPDI). In a preferred 
embodiment the amount of HC1 is sufficient to provide 
a clear solution and acts as a hydrolysis accelerator. In 
another preferred embodiment the ratio of imidazole 

3j containing monomenc organoalkoxysilane to metal 
alkoxide is in the range of about 80/20 to about 50/50 by 
weight (i.e., the solution comprises 18-35 wt % TSPI or 
TSPDI, 9-18 wt % Ti(OC2H5)4, 21-26 wt ^methanol. 
13-29 wt % HC1 and 14-17 wt % water). The sol-gel 

4Q solution is miscible with water and the thickness of the 
coating films can be adjusted by adding an appropriate 
amount of water to the solution. 

The substrate can be coated by immersing it in the 
above mentioned solution at ambient temperature. The 

4$ substrate is then withdrawn from the solution. 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 time sufficient, and 
at a temperature sufficient, to produce a polymetalhc- 

50 siloxane coating. 
To date, ceramic coatings on metallic and plastic 

substrates have not been widely employed for several 
reasons. First, coatings must adhere well and have an 
appropriate expansion coefficient. This is especially true 

55 during temperature cycling, otherwise, separation of 
the coating film from the substrate will occur. Second, 
many ceramic coatings can be applied and processed as 
coatings only at high temperatures (i.e.. >1000* C.) 
using expensive and time-consuming methods such as 

60 chemical vapor deposition, Therefore, the instant sol- 
gel solution, and the preparation methods for the formu- 
lation of metal oxide cross-linked polysiloxane coatings 
films, are advantageous in that they permit the applica- 
tion of an effective polymetallicsiloxane coating at a 

65 temperature which more easily permits the use of alumi- 
num alloys and other low melting point materials. 

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

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the IR absorption spectra for pow- 
der samples of various GPS/Ti(OC2H5>4 ratios heat 
treated at 300* C. 

FIG. 2 details the IR absorption spectra for powder 
samples of various GPS/Ti(OC2H5)4 ratios heated at 
400* C. 

FIG. 3 details the IR absorption spectra for powder 
samples of various GPS/Ti(OC2H5)4 ratios healed at 
500* C. 

FIGS. 4(c) and 4(6) illustrate surface morphologies 
for GPS/Ti(OC2H5)4 coatings treated at 300° . The 
micrographs correspond to the following 
GPS/Ti(OC2H5)4 ratios: FIG. 4(c)—100/0 and FIG. 
4(6)—60/40. 

FIG, 5 graphically illustrates the variation in corro- 
sion current (Icon) for aluminum substrates coated with 
various GPS/Ti(OC2H?)4 ratio systems as a function of 
the film-treatment temperature. 

FIG. 6 illustrates the changes in IR absorbance corre- 
sponding to the Si—O—Ti bond at approximately 930 
cm-1 for Ti compound-incorporated organosilanes 
preheated at temperatures within the range of ZOO* to 
500* C. 

FIGS. 7(c) and 1(b) detail SEM images for TSPI 1(a) 
and APS Kb) coating films heated at 200* C. 

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

FIG. 9 illustrates the SEM micrograph for the 
TSPDI coating system heal treated at 300° C. The (a) in 
the comer of the figure was the code used in preparing 
the SEM micrographs to identify the TSPDI system. 

FIG. 10 illustrates the IR spectra for 350* C- 
ahnealed TSPDI/M(OC*H7)j or 4 for the (a) 100% 
TSPDI. (b) TSPDI/Zr(OCiH7)4 (50:50 ratio) and (c) 
TSPDI/Ti(OCjH7)4 (50:50 ratio) systems. 

FIG. 11 illustrates the polyzirconicsiloxane (PZS) 
film derived from the 70/30 TSPDI/Zr(OCjH7)4 sol- 
gel solution. 

FIGS. 12(a) and 12(b) illustrate surface features of 
pyrolysis-induced PTS coating films: FIG. 12(c) illus- 
trates a 70/30 TSPI/Ti(OC]H7)4 ratio system and FIG. 
12(b) illustrates a 50/50 TSPI/THOQH?)* ratio system. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The sol-gel precursor solution of the present inven- 
tion includes a mixture of a monomenc organoalkoxysi- 
lane, a metal alkoxide M(OR)„ (wherein M is a suitable 
transition metal); R is CH}, C2H5 or C3H7; and n is 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 (for reasons of 
handling safety) by the addition of NaOH. Among the 
monomenc organoalkoxysilanes which can be used 
with the present invention are those listed in Table 1. In 
a preferred embodiment, the monomenc organoalkox- 
ysilane contains an imidazole group, for example, N(3- 
(triethoxysilyl) propyl]^5 imidazole (TSPI) and N[3- 
tnethoxysilyl)propyl]-4,5-<iihydroimida2aie (TSPDI). 

4 
TABLE 1 

Organowlajie/Chemical Formula 

3-glycidoxypropylinmcthoxyviUne (GPS) 
CH- CH—CH.—O—(CH-.),—Si(OCH5>, 
\     / 

o 

10 

15 

20 

3-aminopropyltnrnethoxywLane (APS) 
H2N—(CH2)j— SHOCK)/) 

N-(3-<tn«hoxyjilyl)propyl|irnicUzole(TSPl) 

N— (CH2)i—Si(OC2H5)i 

N-[3-(tri«i»oxvjüyl>pTopyl]-4.3-diriydfoimid*zol<! (TSPDI) 

N—(CH,)3- Si<OOH5)3 

N-/ 

The film-forming precursor solution can be prepared 
by incorporating an organoalkoxysilane/metal alkoxide 

25 (M(OR)n wherein M is a suitable transition metal such 
as Ti. Zr, Ge or Al; R is CHj, C2H5 or C3H7; and n is 3 
or 4) into an alcohol/water mixing medium containing 
an appropriate amount of an acid containing chlorine. 
Suitably, the alcohol may be methanol, ethanol or pro- 

20 panol Preferably, the acid is HC1. The acid acts as a 
hydrolysis accelerator and produces a clear precursor 
solution. The addition of the acid aids in the formation 
of a uniform coating film on the metal substrate. When 
the precursor solution is used as a coating matenal for a 

35 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 to addition of the base, the 
solution will be very acidic (i.e.., it will have a pH of 

40 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. % 

45 Si, 0.5 wt. % Fe. 4.5 wt % Cu. 0.5 wt, % Mm 1.5 wt. 
% Mg, 0.1 wt. % Cr. 0.25 wt. <7c Zn and 0.15 wt. % 
other elements. 

The oxide etching of the aluminum was carried out in 
accordance with a well known commercial sequence 

50 called the Forest Products Laboratory (FPL) process. 
As the first step in the preparation, the surfaces were 
cleansed with acetone to remove any organic contami- 
nation. They were then immersed in chromic-suifuric 
acid       (Na3Cr207-2H20:H2SO*:Water=4:23:73       by 

55  weight) for 10 min at 80* C. After etching, the fresh 
oxide surfaces were washed with deionized water at 30° 
C. for 5 mm. and subsequently dned for 15 mm at 50* C. 

The substrate can be coated by immersing it in the 
above mentioned solution at ambient temperature. The 

60 substrate is then withdrawn from the solution. Next, the 
coated substrate is heated for a time sufficient and at a 
temperature sufficient to yield a solid coating. The 
coated substrate ts then heated for a time sufficient, and 
at a temperature sufficient, to produce a polymetallic- 

65 siloxane coating. 
A thinner polymetallicsiloxane coating may be ob- 

tained by diluting the sol-gel precursor solution with 
water. 
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Ti<OC:HsU-Modified GPS System 

Coating of the aluminum surfaces using the sol-gel 
system was performed m accordance with the following 
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 mm. at temperatures ranging from 200* to 500* C. 

The mix compositions for the GPS/Ti(OC2H5)4 
based precursor solution systems are given in Table 2. 
For each formulation, the GPS to Ti(OC2H<)4 ratio was 
varied so that the concentration of HCl needed to pro- 
duce a clear precursor solution was dependent mainly 
on the GPS/TKOQHsU ratio, As the proportion of 
Ti(OC2H5)4 increased, the required amount of HCl was 
increased to form Ti compounds which were suscepti- 
ble to hydrolysis. The HCI-catalyzed hydrolysis of Ti- 20 
(CK^Hsk is as follows: 

STi—OQHj - H- * CJ-  > = Ti—Cl ■* C^HjOH 

— Ti—CI ~ HiO ^ = Ti—OH - HQ 

TABLE 2 

— O—Ti—O—CH--CH --Si — 

OH 

300- C 
-> -xCH.»CHO 

-vCHOH. 

10 

15 

CH3 

I 
HO—CH 

( > 
— S!—O—Si—O 

I       I 

Ti incorporated 
organopolynU/ic network» 

— Si— 
I 

O 
I 

o o 
[        I 

— O—Ti—O— Si- 

o 

— Si—O—Si—    — Si— 

25 
Po(ymeial!icsilo*ane 

The conversion of the Ti incorporated organopoiysi- 

GPS/Ti(OC:H«u 
(wt. ratiol 

Compositions of clear precursor soluiioni 
uscdjbr various GPS'TitOOHyU ratios 

GPS Ti(OC;H<,)4      CHiOH        Water HCl fwt. %)/ 
(wt. <*) (MI. «Yl («i  'r)      twt. ^)      [GPS * Ti(OC:H<i>4 

100/0 
80/20 
60/40 

40/60 

50 
40 

30 
:o 

20 
20 
20 
20 

10 
10 
20 
30 

The hydroxyiated mania derived from the hydrolysis 
of TKOQH5)4 appears to react preferentially with the 
C-Cl groups, rather than the silanol groups (Si-OH). 
The silanol groups are formed by hydrolysis of the 
methoxysilane groups in GPS. A possible condensation 
reaction occurring between the C-Cl in the polymeric 
organosilanes and the hydroxy groups in the hydrated 
Ti compounds is shown below: 

I 
—Ti—OH T C!—CH-—CH— 

I I 
OH 

-HCl 
> 

= Ti— O— CH-- — CH—  4- HCl 
I 
OH 

40 

45 

50 

55 

60 

Upon heating to 300° C. a large number of carbon 65 
containing groups such  as CH2O and CHjCHO are 
eliminated from the Ti incorporated organopolysiiane 
networks. This can be seen in the following equation: 

lane networks into the polymetallicsiloxane network 
structure occurs at about 300° C. 

At temperatures of about 300° and above, pyroiytic 
changes in conformation appear to occur. The pyroiytic 
changes result in the elimination of numerous organic 
groups from the Ti-incorporated organopolysiiane net- 
work structures. Once the transition is completed, the 
Ti elements located in the networks act as a crossHnking 
agent which connect directly between the polysiloxane 
chains. The extent of Ti crossiinking depends mainly on 
the GpS/Ti(OC2H5)4 ratio. Samples for IR analysis 
were prepared by incorporating the powdered samples 
into KBr pellets. The presence of Si—O—Ti linkages in 
the PTS is indicated by an IR absorption peak at ap- 
proximately 930 cm- !. The absorption intensity around 
930 coi-' becomes weaker as the proportion of Ti- 
<OC2H?)4 is increased. This is illustrated in FIG. 1. The 
presence of the bonds at 930 cm- ' illustrates the forma- 
tion of a polyritanosiloxane film at a low temperature 
(i.e.. less than 1000* C). 

When the heat treatment temperature was increased 
to 400' C, the peak in the 2900 cm-1 region of the IR 
spectra for all of the GPS samples disappeared. This is 
shown in FIG. 2 and suggests that all the residual or- 
ganic compounds were nearly removed from the PTS 
networks. The spectral features for the 400° C,-treated 
samples were similar to those for the 300° C.-treated 
ones with the exception of the disappearance of the 
2900 cm- ' scale from 400* C. treated sample. Compar- 
ing the results at 500*' C. (sec 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 samples can be seen. 

When the film treatment temperature was raised to 
300° C, samples containing a GPS/Ti(OC2H5)4 ratio of 
100/0 experienced severe damage. This is shown in 
FIG. 4a. The failure appears to be due to pyrolytic 
changes m conformation of the polymencorganosilane. 
These pyrolytic changes result from the 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. 4b) disclosed 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 to suppress the development of stress 
cracks. It is theorized that the network structure of the 
PTS polymers, formed by pyroJyticaJly induced confor- 
mationai changes in Ti compound modified organosi- 
lane polymers, contributes to the maintenance of film 
shape at high temperatures. The amount of cracking can 
be reduced by diluting the sol gel precursor solution 
with water. The dilution of the sol gel precursor solu- 
tion results in the formation of a thinner polymetallic- 
siloxane coating, 

Corrosion protection data for the above-coated sub- 
strates were obtained from the polarization curves tor 
PMS coated FPL etched 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 reported by several investigators 
for other materials (G. A. Diban and H. J. Read. Corro- 
sion, 27 (1971) 483: Z. A. Foroulis and M. J. Thubnker, 
Elearochim. Acta. 21 (1976) 225i and A. V. Pocius, in K, 
L. Mittal (ed,). Adhesion Aspects of Polymeric Coatings, 
Plenum Press, New York. 1983, pp. 173-192). 

The corrosion protective performance of the coatings 
was evaluated by an electrochemical procedure involv- 
ing measurement of the corrosion current, lcom by ex- 
trapolation of the cathodic Tafel slope. The variation in 
the Icon- value was plotted as a function of the treatment 
temperature. These results are depicted in FIG. 5. As 
seen in FIG. 5, the protective ability of the coatings 
depends primarily on the GPS/Ti(OC2H5)* ratio and 
the treatment temperature. A low lcorr value indicates 
good corrosion protection. 

The Icorr-temperature relations for the 80/20 and 
60/40 ratio coatings indicate that although microcracks 
form on the film surface ai temperatures ä 300* G, the 
I«xv values after treatment 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 at 400* C- provided corro- 
sion protection for aluminum. 

Ti(OC2HsU - Modified Organosilanes 

Coating of the aluminum surfaces using the sol-gel 
system was performed in accordance with the following 
sequence. First, the FPL-etched aluminum substrate 
was immersed in the precursor solution at ambient tem- 
perature. The substrate was then withdrawn slowly and 
heated for 20 hr at a temperature of 100* C. to yield a 
solid coating. The samples were subsequently heated 
for 20 min at temperatures ranging from 200" to 500* C. 

A film-forming precursor solution composed of 30 wt 
% of the particular organosilanc. 20 wt % Ti(OC2H5)4. 
30 wt % CH3OH and 20 wt % water was employed to 

10 

15 

20 

25 

30 

produce the PTS polymers. The required concentra- 
tions of the HCI hydrolysis promoter needed to prepare 
clear precursor solutions were dependent upon the spe- 
cies of organosilanc. and for the TSPDI system was 
30% by weight of total mass of organosilanes and Ti- 
(OC2H5)4. 

The presence of Si—O—Ti linkages in the PTS can 
be readily identified from the IR absorption peak at 
approximately 930 cm-1, The extent of the densifica- 
tion of the Si—O—Ti linkages was estimated by com- 
paring the absorbencies at approximately 930 cm-1 for 
the PTS samples derived from the various organosi- 
]ane-Ti(OCzH5)4systems. As previously discussed, sam- 
ples for the IR analysis were prepared by incorporating 
the powdered samples into KBr pellets. FIG. 6 summar- 
izes the resulting variations in absorbance plotted as a 
function of treatment temperature. The data indicates 
that the extent of densification of Si—O—Ti bonds is 
dependent upon the reactive organic functional groups 
attached to the terminal carbon of the methylene chains 
within the monomenc organosilane structures. 

An absorption peak at approximately 930 cm-' was 
not detected for the 200° C-treated GPS- and TSPDI- 
Ti(OC2H5U systems. This indicates that a PTS contain- 
ing a highly densified Si—O—Ti bond was not formed 
at this temperature. A prominent IR peak at approxi- 
mately 930 cm~! was observed for the GPS and 
TSPDI-Ti(OC2H5)4 systems when the samples were 
heated at 300* C. for 20 min. An absorption peak at 
approximately 930 cm-1 was observed for the 200* C. 
treated APS-Ti(OCzHj)4 system. This indicates thas 
PTS. containing a highly densified Si~0—Ti bond. 
was formed at these temperatures. This illustrates the 

3j formation of a polymetallicsiloxane coating at a low 
temperature (i.e., less than 1000* C). Beyond this tem- 
perature, the absorbance value increased slowly, sug- 
gesting that the in-situ conversion of the Ti compound- 
incorporated organosilanc polymers into PTS progres- 

40 sively occurs at temperatures ranging from about 200° 
to about 300* C. 

FIG. 7 illustrates the SEM images obtained for coat- 
ing film surfaces preheated at 200° C. Except for the 
development of few microcracks, the APS and TSPDI 

45 coatings [FIG. 1(a) and (b)) exhibit excellent surfaces. 
The SEM micrographs of these coating systems after 

being exposed to air for 20 min at 300° C. are shown in 
FIG. 8. The APS and TSPDI coatings (FIG. 8<a) and 
(b)) showed no film damage with the exception 01 the 
appearance of a clear crack line. 

Heas damage and distortion of the aluminum sub- 
strate was apparent, but after heating for 20 nun at 500* 
C-, the TSPDI coating was not damaged [See FIG. 
9(a)]. Accordingly. PTS coating films derived from the 
Ti(OC2H?)4-TSPDI system appear to have the most 
stable Si—O—Ti bonds in the PTS network structure. 
This may be due to moderate densification of the Si- 
--O—Ti bonds in the PTS network structure. 

The corrosion protective performance of PTS coat- 
ings derived from various organosilanc-Ti(OC2H5)4 
systems was determined by comparing the corrosion 
current, (lCorr) values determined from the cathodic 
Tafel slopes of the various organosilanc-Ti(OC2H5)4 
systems. The corrosion tests in this study were per- 
formed on PTS coatings formed on the FPL etched 
aluminum at 300", 400°, and 500" C. The resultant 
changes in 1^^ for these coaling specimens are summa- 
rized in Table 3. 

50 

55 

60 

65 
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TABLE 3  

W' value <fiA) obtained after 
_ pret real men ui 

Coating system 300* C. 400' C 500- C 

GPS-Ti(OOH*u 
APS-TKOCjHsU 
TSPDl-TitOCjHjU 
TSPI-Ti(OCiH<"U 

3.5 * 10-' 
8.5 X 10-2 

2.0  x IO-: 

2.5  x 1Q-- 

6.0 x 10 —* 0.5 
5.8 y 10-l 1.2 
4.6 * 10-' 9.8 x 10" 
4.9 x 10-' 9.9 x  !0" 

Afier treatment at 300° C, the lowest !«,„. value of 
2.0X I0~2 jiA was measured on the PTS coatings de- 
rived from the TSPDI system. The APS system pro- 
duced the next lowest lCOrr value. These values were 
approximately two orders of magnitude less than that 
for the TS system. The data indicates that the Icon. val- 
ues for all of the PTS coatings formed at S300* C. 
increased as the film treatment temperature was raised. 
This is probably due to the increased size and number of 
cracks in the films. PTS coatings derived from the 
TSPDI system imparted the best corrosion protection, 
and at 500* C. the lCörr value was still on the order of 
10"1 nA. 

Ti(OC3H7)4. Zn(OOH7)4 and AKOCjHrb - Modified 
Organosilanes 

The mix compositions for the Ti(OC3H?)4, 
Zn<OC3H?>4 and Al(OC.iH?)} sol-gel precursor solu- 
tions are listed in Table 4. In order to produce a clear 
precursor solution it was very important to add a chlo- 
rine containing acid such as HC1. The chlorine contain- 
ing acid acted as a hydrolysis accelerator and aided in 
the formation of a uniform coating film on the metal 
substrate. 

TABLE 4 

10 

10 

N—(CH2)j— SiS<OCiHjh ■•- H- - Cl- 

I NH + Cl—(CHJ)J—SiSCh ■+■ 3QH<OH 

15 

20 

25 

30 

dihydrainuduoie 
derivative 

Cl—(CH2)3—SiSClj +- 3H2O 

a C) 
I I 

(CH); (CH), 
I I 

— Si—OH * HO—Si — 

Cl—<CHi)i—SiS(OH)3 ->- 3HC1 

a        a 
1 t 

(CH>).i   (CH?)., 

I5Q' —>   -*-Si—O— Si-^ - nH}0 

polymeric 
orgmnosilane with Cl 
SUbHituted end groups. 

It is believed that the hydroxyl groups derived from the 
HCl-catalyzed hydrolysis of Zr(OQH7>4 and Ti- 
(OCjHbta react preferentially with the Cl in Cl-sub- 
stituted end groups in the silane compound, rather than 

CompQMt'pri;- »f Clear Precursor Solution» Uied in Various \l(OC.iH7)ff° - Modified TSP1 Systems. 

HCL 
TSPI/M(OC.iH7)n'    TSPDI    Zr(OCiH7)4.     Ti<OCiH7)*.     AHOCiKih.    CHjOH.    Waier      wt %/TSPl * 

-At rano wi <7< wt <r wl ** wt '"t wt CJ wt <?r       MfOCiH^U „, \ 

100/0 
70/30 
50/50 
70/30 
50/50 
70/30 
50/50 

50 

25 

30 20 12 
30 20 20 
30 20 30 
30 20 15 
30 20 25 
30 20 40 
.'0 20 50 

M  Zr. Ti »no Al 
a: i or * 

the silanol groups which are formed by hydrolysis of 
5Q the ethoxysilyl groups in the TSPDI. The proposed 

reaction mechanism for this is shown below: 

The substrates were coated by immersing an FPL- 
etched aluminum substrate 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- 
(OC3H7U and Zn(OC3H?>4 sol-gel precursor solutions 
were heated for 30 minutes at 350° C, to form polyzir- 
comcsiloxane and polytitanosiloxane coatings. The sub- 
strates coated with the AKOCJHT)} sol-gei precursor 
solutions were heated for 30 minutes at 200° C. to form 
a polyalummosiloxane coating. 

The HCl catalyzed hydrolysis-polycondensation re- 
action occurred in the following manner; 

60 

65 

SM-OH + Cl—ICHjjj- SiS(OH)i 
150* C. > 

o o 

(CH2>j    (CH2)3 
I I 

-r-Si—O—Si—O-te 
I I 

nHCI + nH-,0 

polymenc organosilane 
with oxygeo-bnged Zr or Ti 
Where M = Zr or Ti. 

It is believed that the reaction of the haiide with the 
OH in the hydroxyiated metals favors the elimination of 
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hydrogen chJonde. The formation of Cl-termmated end 
group» plays an important role in creating the M-O-C 
linkages. 

The reaction process for the AI(OC3H?)3/TSPDI 
system is different than those of the Ti- 
(OC3H7)4/TSPDI and Ti(OC3H7>4/TSPDI systems. A 
polymeric organoaiuminosilane network is formed 
when the AKOCiH?) 3/TSPDI system is heated to 150° 
C. and is believed to have the following structure: 

Al 
t 

O 

N—(CHi)3—Si—O— 

N   =/ O 

IR studies were performed on the Ti- 
(OCjH7)4/TSPDI and Zr(OC.iH?)4/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 
KBr method which incorporates the powder samples of 
2 to 3 mg into KBr pellets of approximately 200 mg. 
FIG. 10 illustrates the IR spectra for a) 100% TSPDI, 
b) TSPDI/Zr(OC3H7)4 (in a 50:50 ratio) and c) 
TSPDI/Ti(OC3H7)4 (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 polymetallicsiioxane is indicated 
by an IR peak within the area of about 910 ctn-*1 to 
about 960cm- '. 

The TSPDI/Zr(OCiH7)4 system (FIG. 10(b)) had an 
IR peak at 950 cm-'. The TSPDI/Ti(OCjH7) 4system 
(FIG. 10(c)) had an IR peak at 930 cm-1. These peaks 
signify the formation of polymetallicsiioxane, at a low 
temperature (i.e., less than 1000° C), by the process 
shown below: 

10 

15 

20 

25 

30 

35 

W M 

O 
I 

(CHJ)J 

O 
I 

(CH-.J 
I 

-f SJ—O—sitr 

Whcre M =■ Zr or Ti 

350- C. 
•<CHi > + 51- 

I 

M 
I 

O 
I 

-O— Sit: 
I 

40 

45 

The 350* C heating results in the elimination of nu- 
merous organic groups permitting the Zr and Ti metal 
oxides to act as crosshnking agents which connect the 
polysiloxane chains to form polyzirconicsiloxane and 
pol ytitanosiloxane. 

Characteristics of PMS (Coating Films Derived From 
TSPDI/Ti(OCjH7)4. TSPDI/Zr(OCjH7)4 and 

TSPDI/Al(OCjH7)3 Precursor Systems 

Thin coating films were obtained by diluting 20 g of 
the precursor solutions listed in Table 4 with 80 g of 
deionized water. The FPL-etched aluminum substrate 
was immersed into the diluted precursor solution. The 
substrate was withdrawn from the solution and heated 
for 20 hours at 150" C. The sintered samples were then 
heated at 350° C. for 30 minutes to form the pyrolysis 
induced PMS coating films, The thickness of the PMS 
film deposited on the substrate was determined using a 
surface profile measuring system. The average thick- 

50 

55 

05 

ness of the films derived from the precursor solution 
consisting of 100/0. 70/30, and 50/50 TSPDI/M- 
(OCjH?)i or 4 ratios, ranged from approximately 0.2 to 
approximately 0.4 um. 

FIG. 11 illustrates the polyzirconicsiloxane (PZS) 
film derived from the 70/30 TSPDI/ZrtOC.^H?)*. This 
PZS film had relatively few microcracks. The amount 
of cracking can be reduced by diluting the sol gel pre- 
cursor solution with water. The dilution of the sol gel 
precursor solution results in the formation of a thinner 
polymetallicsiioxane coating. 

Ideally, a PMS coating surface will have a uniform 
film free of cracks and pits. These characteristics were 
observed in the 50/50 TSPDI/Ti(OC3H7)4 ratio de- 
rived pol ytitanosiloxane (PTS) film illustrated in FIG. 
12A FIG. 12b illustrates the 70/30 TSPDI/TKOC3H7) 
4 ratio derived PTS film. The 70/30 ratio film has a few 
microcracks. A thinner polymetallicsiioxane coating 
may be produced by diluting the sol gel precursor solu- 
tion with water- 

Corrosion protection data for the pol ytitanosiloxane 
and polyzirconicsiloxane coated substrates were ob- 
tained from the polarization curves for PMS coated 
FPL etched aluminum samples upon exposure to an 
aerated 0.5M sodium chionde solution at 25° C. To 
evaluate the protective performance of the coatings, the 
corrosion potential (Ecorr) and corrosion current (Icorr) 
were determined for the polarization curves. Ecorr is 
defined as the potential at the transition point from 
cathodic to anodic polarization curves. Icorr values 
were measured by extrapolation of the cathodic Tafel 
slope. These results are summarized in Table 5. 

TABLE 5 

Corrosion Potential. Errand Corrosion Current, Icorr. Values for 
 PMS-Comied and Uncoated Aluminum Specimens  

Coaling Systems. 

(TSPI/M(OCiH-»U 
11-0" 

HA 

Uncoaied. (blank) 
PS (100/01 
PZS (70/30) 
PZS (50/501 
PTS (70/301 
PTS (50/501 

0.72? 2.5 
0.695 1.8 
0.625 7.8 x 10 

0.710 1.5 
0.589 1.8 x 10 

0.596 1.6 x 10 

As seen, the major effect of these PMS costings on the 
corrosion protection of aluminum is to move the Ecorr 
value to less negative potentials and to reduce the ca- 
thodic current (Inw). 

The samples coated with PTS produced significantly 
higher Ecoervalues, and significantly lower \corr values, 
than the uncoated samples. This strongly suggests that 
the PTS coating films will serve to provide good corro- 
sion resistance from a sodium chionde solution and will 
minimize the corrosion rate of the aluminum. 

Thus, while there have been described what are the 
presently contemplated preferred embodiments of the 
present invention, those skilled in the art will realize 
that changes and modifications may be made thereto 

60 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 monomenc 

organoalkoxysilane containing an imidazole group, a 
metal alkoxide and a chlorine containing acid in an 
alcohol/water medium. 

2. The solution of claim 1 wherein the acid is HC1. 
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3. The solution of claim 1 wherein the alcohol is 

selected from the group consisting of methanol, ethanol 
and propanoi. 

4. The solution of claim 1 comprising 18-35 wi % 
N[3-(triethoxysilyl)propyl]-4.5-dihydroimidazole. 9-18 
wt 9< Ti(OC2Hs)4, 21-26 wi % methanol. 13-29 wt % 
HC1 and 14-17 wt % 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 
organoalkoxysiiane is selected from the group consist- 
ing of N[3-<triethoxysilyl)propylJ imidazoie and N(3- 
(triethoxysilyl)propyl]-4,5-dihydroimidazole. 

8. The solution of claim 1 wherein ihe metal alkoxide 
is of the formula M(OR)n, wherein M is a suitable transi- 
tion metal: R is CH?. C2H5 or C3H7 and n is 3 or 4. 

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

10. The solution of claim 8 wherein the metal alkox- 
ide is selected from ihe group consisting of Ti(OCjH7)4, 
Zr(OCiH7k Ti(OCzH5)4 and Al(OC.iH?).v 

11. The solution of claim 1 wherein the amount of 
acid is sufficient to provide a clear solution. 

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

13. The solution of claim 1 comprising 18-35 wt % 
N[3-(triethoxysiiyi)propyiJ imidazoie. 9-18 wt % Ti- 
(OC2H<)4, 21-26 wt <& methanol. 13-29 wt % HC1 and 
14-17 wt % water. 

14. A method for preparing a solution for the fabrica- 
tion of polymetallicsiloxane coatings which comprises 
the step of combining a monomenc organoalkoxysiiane 
containing an imidazoie group, a metai aikoxide and a 
chlorine containing acid in an alcohol/water medium. 

15. The method of claim 14 wherein the solution has 
the following weight percentages of substituents 18-35 
wt % N[3-(trie{hoxysilyI)propyl]-4.5-dihydroimidazole. 
9-18 wt % Ti(OC2H5)4, 21-26 wt % methanol. 13-29 

5   wt % HCI and 14-17 wt <%■ water. 
16. The method of claim 14 further comprising add- 

ing a pH adjusting agent to the solution. 
17. The method of claim 16 wherein the pH adjusting 

agent is KOH or NaOH. 
10 18. The method of claim 16 wherein sufficient pH 

adjusting agent is added to adjust the pH to about 7.5. 
19. The method of claim 14 wherein the monomeric 

organoalkoxysiiane is selected from the group consist- 
ing of N(3-{triethoxysilyl)propyl] imidazoie and N{3- 

15  (triethoxysilyl)propyl]-4,5-dihydroimidazole. 
20. The method of claim 14 wherein the metal aikox- 

ide is of the formula M(OR)„, wherein M is a suitable 
transition metai: R is Chj, C2H?or CjH7and n is 3 or 4. 

21. The method of claim 20 wherein M is selected 
20 from the group consisting of Ti, Zr, Ge and AL 

22. The method of claim 14 wherein the alcohol is 
selected from the group consisting of methanol. ethanoi 
and propanoi. 

23. The method of claim 14 wherein the acid is HCI. 
25      24. The method of claim 14 wherein the amount of 

acid is sufficient to provide a clear solution. 
25. The method of claim 14 wherein the ratio of mo- 

nomeric organoalkoxysiiane to metal alkoxide is in the 
range of about 80/20 to about 50/50 by weight. 

30 26, The method of claim 14 wherein the metal aikox- 
ide is selected from the group consisting of Ti(OC3-H7)*, 
Zr(OC.<H7)4, Ti(OC2H5)4 and AKOQH*)?. 

27. The method of claim 14 wherein the solution has 
the following weight percentages of substituents, 18-35 

35 wt % N[3-(triethoxysilyl)propyl] imidazoie, 9-18 wt % 
Ti(OC2H5)4, 21-26 wt % methanol. 13-29 wt % HCI 
and 14-17 wt % water. 
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