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Results from the sealing of porosity by impregnation show that below a certain wetting angle of the
sealant, high penetration depths are achieved. However, only sealants with very low curing shrinkages
can prevent the transport of electrolyte through the coating.

Various sealant types and impregnation methods are discussed, and factors influencing impregnation
and sealing ability of sealants are reviewed. Experimental results from the sealing of plasma-sprayed alu-
minum-oxide coatings are presented.

ratory developed sealants using plasma-sprayed aluminum o

IKeywords coatings, corrosion, impregnation, sealing, thermal sprlay ide as the reference coating

1. Introduction . .
2. Volume Defects in the Coating

Moderate adhesion and a porous structure are the most often ) ) ) o .
encountered problems in thermal-spray coatings that restrict 1 he aim of sealing by impregnation is to close or fill all those
their use in many applications involving corrosive media. Al- OPen structural volume qlefects_ that are cor!nected to the surfac
though most metallic consumables can be sprayed to dense coaf-Nese defects can be distinguished by their shape and means
ings without open, through-coating porosity, ceramic coatings formation as pores or cracks.
invariably contain open porosity and usually also cracks.

These structural flaws not only deteriorate the corrosion re- 2.1 Porosity
sistance of the coating-substrate system but also decrease me-
chanical properties and consequently the wear resistance of the Open or closed porosity in thermal spray coatings can orig
coating. Although the development of higher velocity processesnate from several different factors (Ref 6): partially or totally un-
has decreased coating porosities, the transport of corrosive spanolten particles, inadequate flow or fragmentation of the molte
cies to the substrate can still only be prevented by coating postparticle at impact, shadowing effects due to lower than the opt
treatment. mal spray angle, and entrapped gas.

Posttreatment of thermal spray coatings to close the surface Although porosity of a coating is affected by spray equip
porosity can be performed by laser- or electron-beam surfacement, spray parameters, and consumable properties, it is the
melting or alloying (Ref 1, 2). Also hot isostatic pressing (HIP) plication of the coating that determines the target porosity. Thi
of the coating-substrate system can be used for densifying (Refs especially true for ceramic coatings.
3). Hot isostatic pressing not only reduces porosity but also im-  The highest wear resistance of a ceramic coating is achiev
proves mechanical properties. It is effective through the whole by means of a dense structure, but in large components it mig
coating thickness but demands complex and expensive equipbe necessary to leave some porosity in the coating to relie
ment. Obviously the deposition of a dense layer by anotherstresses. Also economic reasons (e.g. high throughputs) ofts
method over the porous coating can be used for sealing. Highdictate a coating process that inevitably leads to higher poros
temperature chemical vapor deposition (CVD) processes (Refties and possibly increased microcracking through higher heé
4) and the modification, chemical vapor infiltration (CVI), using input.
reactive gases, are other possibilities for porosity sealing. Re- Nevertheless, the application environment determines th
cently metal-organic chemical vapor deposition (MOCVD) has necessity for sealing pores. If the coating itself lacks the require
been used for sealing oxide coatings although the results againgtorrosion resistance, then sealing of the pores can still decrea
high-temperature gaseous corrosion were not encouraging (ReinI’I’OSiOﬂ by lowering the amount of reactive surface area. Ho
5). More often posttreatment is performed by impregnation us- ever, high-velocity oxygen fuel (HVOF) sprayed cermet coat
ing polymers, inorganic solutions, or even molten metals. ings are much denser than oxide coatings, and the effect

In this article, factors affecting coating porosity and sealing Sealing on corrosion rate of the cermet coating itself can b
by impregnation are reviewed. Commercial sealants, their prop-Small. For example, WC-50NiCrSiB and WC-10Co4Cr coat-

erties, and sealing abilities were studied and compared to labolNgs showed an enhanced corrosion rate in a saline environme
and the effect of sealing or a corrosion-resistant bond layer we

small (Ref 7). Bond coats with improved corrosion resistance
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the coating. Because a porous coating is a natural source fomust match the emulsion properties in order to penetrate into the
crevices, itis important that the crevice and pitting corrosion re- coating and displace the grinding emulsion. In some cases it is
sistance of the substrate and the coating be considered. Someecommended that the sealing be performed both before and af-
times it can be more justified to choose a substrate material orter grinding.

bond coat with better crevice- and pitting-corrosion resistance  Adsorbed water not properly removed can decrease penetra-
than to try to produce coatings without open porosity (Ref 8). tion depth and sealing ability of the sealant. For spraying or seal-
Electrochemical corrosion must also be taken into account withing, humidity should be controlled in all cases to keep the
electrically conducting coatings. surface temperature above the dew point where water condenses
to any surface. This might not be adequate since water from hu-
mid air can be adsorbed into the coating through a capillary con-
densation phenomenon, and such water is extremely difficult to
remove from small pores.

2.2 Cracks and Interlamellar Bonding

Vertical and horizontal cracks originating from the spray
process are typical for ceramic coatings. High cooling rates of
the individual splats favor horizontal delamination between the 4. Sealants
lamellae. Poor interlamellar bonding is also typical for thermal
spray coatings. It has been estimated that the bonding degree be- Sealants for impregnation can be designated organic
tween adjacent lamellae for plasma-sprayed alumina coating issealants, inorganic sealants, and metals. Their general proper-
only 20 to 32%, thereby yielding horizontal cracklike defects or ties are considered in the following, and organic sealants are re-
voids (Ref 9). viewed in more detail.

In sealing the aim is to seal the porosity to as great a depth as
possible. However, there are applications where only a rela-
tively thin sealed layer is considered optimum. In thermal bar-
rier coatings (TBCs), a relatively high amount of porosity and
cracking are needed for thermal insulation and thermal shock re-
tion, overpressure impregnation, and a combination of these.SiStance' At the same time, however, these characteristics make

The choice of the impregnation method depends on the size ofhe cpating permeable for corrosive gases and liquids. Thus, the
the coated component, required penetration depth, and thegoal is to seal only the surface layer. Another example for a low

sealant, which is chosen according to the coating material ananenetration depth is arc or wire flame spraying of aluminum for
the application. Low-pressure or overpressure impregnation iSoffshore corrosion protection where the sealer should not pene-

suitable for small components. Only atmospheric-pressure im-trate dt_a_eper than abc_)ut A to maintain the cathodic protec-
pregnation is economically viable for larger components. tion ability of the coating (Ref 10).
The efficiency of low-pressure impregnation is based on the
_removal of moi.sture and air_from pores qnd cracks., thus _decrea54_1 Organic Sealants
ing the opposing force acting against impregnation driven by
capillary pressure. This yields an increased penetration depth. Typically organic sealants are one- or two-component un-
Pressure level must be adjusted to the vapor pressure of thélled resin systems formulated for suitable viscosity and surface
sealant to avoid excessive evaporation. tension. Formulation is usually done by using solvents, reactive
Overpressure impregnation is used mainly in cases where thaliluents, or surfactants. In one component, systems curing is
sealant does not wet the coating surface; in other words, the coneatalyzed by heat, ultraviolet light, or high-energy radiation
tact angle is clearly over 90°. This is equivalent to porosity such as electron beam (EB) or laser radiation. In two-component
measurement by mercury intrusion porosimetry where the mer-systems the cross linking is activated by curing catalysts. The
cury does not wet the material and is forced into the porousoften-used organic sealants are based on epoxies, phenolics,
structure using external pressure. furans, polymethacrylates, silicones, polyesters, polyurethanes,
In most cases the impregnation is carried out using atmos-and polyvinylesters. Waxes can be used also. For thermal spray
pheric pressure methods such as brushing, dipping, or sprayingaluminum coatings, aluminum-filled vinyl and silicone sealers
The residual air inside the pores creates an opposing forcefor extended cathodic protection are also used (Ref 10).
which limits sealant penetration. The effect can be decreased by Few detailed publications exist about sealing of thermal
formulating the sealant accordingly. spray coatings by organic sealants (Ref 11, 12). In many publi-
To avoid any contamination of the coating, the sealing should cations, the information about sealants or experimental proce-
be performed directly after spraying when the coating is still dure is inadequate. For example, it might not be stipulated
warm but below the curing temperature. However, this is seldomwhether the inevitable surface film left by the sealant should be
practical, and the coating is usually allowed to cool down before removed before making corrosion measurements. Essential in-
sealing. In many cases the coating needs to be ground to achieviermation such as how the samples were treated before impreg-
the final size and form tolerances. This demand forms one of thenation and how long the impregnation time was are often
key issues in sealing. If the coating is sealed before grinding, theunmentioned as well.
possibilities exist that the sealed layer might be removed by In an interesting review by E. Lugscheider et al. (Ref 11),
grinding or that new open porosity might be formed. On the bond strengths of unknown coatings were decreased by sealing.
other hand, if the coating is sealed after grinding, the grinding This was believed to be due to entrapped air and evaporated
emulsion needs to be removed before sealing, or the sealartbyproducts or solvents from the sealant, which were in compres-

3. Impregnation Methods

Impregnation methods can be divided into four categories:
atmospheric pressure impregnation, low-pressure impregna
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sion at the substrate-coating interface due to raised capillarythickness although its concentration in the middle was only 409
pressure. The effectiveness of several sealants for protectingf that at the surface as determined by scanning electron micr
plasma-sprayed AD3-13TiO, and flame-sprayed chromium-  scopy/energy dispersive spectroscopy (SEM/EDS). A large i
steel coatings against corrosion by sulfur dioxide salt spray andprovement in Young’s modulus was detected after annealin
oscillation wear were investigated in another study (Ref 12). (Ref 13).
Electric insulation resistance was also used as a measure of Sol-Gel.Sol-gel coatings or treatments refer to the formatio
sealant effectiveness in alumina-titania coatings. Metallo- of a stable sol, the hydrolyzing of the sol to a gel, and the calci
graphical investigation was used to evaluate the penetrationing of the gel at elevated temperature to oxide. The sol can i
depth, which was found to vary between 23 anp#@lepend- clude a variety of metal alkoxides, nitrates, or hydroxides
ing on the sealant. Polyurethane- and epoxy-based sealantehich can be transformed to gel-like structure. This results i
yielded the highest corrosion resistances. After grinding a 100very reactive nanoscale oxide particles.
pum layer from the sealed samples, corrosion and insulation re-  To seal the top layer of a yttria-stabilized ZfBC, prehy-
sistances reduced in all cases. Wear resistance was also indrolyzed ethyl silicate containing 25 wt% Si@®as used. After
proved by sealing (Ref 12). Epoxy impregnation of heattreatmentat1200 °C inafurnace or by an arclamp, a silic
water-stabilized plasma-sprayed aluminum oxide freestandinginfiltrated layer with reduced porosity and high hardness wa
deposits greatly improved the Young’s modulus and made theformed. For this particular system the penetration dehthas
coatings impermeable for gases, although the effect on total pofound to depend on infiltration timg,as follows:d = 0.04t%-2°
rosity was small. It was deduced that the resin had sealed only{Ref 17).
the necks between larger pores and interlamellar cracks or voids, Also aluminum isopropoxide in isopropy! alcohol was used
thus improving cohesion (Ref 13). as the sol for sealing ZgBY,O3 coatings, after which hydro-
lyzation to a gel by immersing the specimens in water was pe
formed. The alumina gel decomposeg-aduminum oxide after
drying and heat treatment at 600 °C. Gas permeability and ¢
Inorganic sealants are usually aimed for high-temperaturerentdenSity through the coating in NaCl electrolyte decreased «
applications. Typically, they also reacted to solid material at ele- the infiltration time was increased (Ref 18).
vated temperatures. Besides aluminum phosphates and sodium In another study, aqueous aluminum hydroxide sol, zirco
and ethyl silicates, various sol-gel type solutions and chromic nium butoxide in butanol, and zirconium and yttrium acetates i
acid have been used for sealing purposes. Inorganic sealants aflilute acetic acid were used for impregnating freestanding
normally used for preventing corrosion by molten salts, metals, ZrO»-8Y,03 coatings under a low pressure. Specimens wer
and even aggressive gaseous species, but earlier results of thiglcined at 600 °C and heat treated at 1000 °C to achieve cor
study also have shown that a high level of strengthening and im-sponding oxides. The whole coating thickness could be infil
provement in wear resistance can be achieved using aluminumtrated using the aluminum hydroxide sol.
phosphate-based sealants (Ref 14, 15). In many burning However, the largest pores were not completely filled, whic
processes the coatings are exposed to corrosive gases that easflgn be understood by the equation for capillary pressure sho
penetrate through the coating. Besides physical blocking of thisin section 5, “Impregnation Theory.” The sol did not form solid
path by a corrosion-resistant sealant, one possibility for sealingmaterial filling the pores. Instead it formed nanosizedlu-
the coatings could be the impregnation of pores with a materialmina grains or particles on the pore surfaces (Ref 19). Ultrason
that would react with the corroding species to create an activetreatment was used to aid the infiltration of hydrolyzed alumi
barrier against deeper penetration. num tri-isopropoxide gel into alumina coatings. Calcining was
Aluminum Phosphate. Acid aluminum phosphates have performed at 400 °C after which open porosity (as studied b
long been known as refractory binders. With suitable formula- electrochemical methods) was reduced (Ref 20).
tion they can also be used as refractory sealants, especially for
peramic coaftings. This study showed tremendpus imp(ovements4.3 Molten Metals
in dry abrasion resistance of thermal spray oxide coatings when
using aluminum-phosphate-based sealants (Ref 14, 15). The ef- Molten metals also have been used for sealing and strengt
fect is based on the fact that the phosphate acts as a refractorgning purposes. Copper infiltration has been performed by mel
glue that forms solid bridges over pores and cracks. Aluminuming a copper foil on a plasma-sprayed Ti-30Mo coating, whic
phosphate sealing also has a beneficial effect in transferring théncreased coating adhesion, wear resistance, and corrosion
residual stress state of the coating toward compression, thus ersistance against HCl ang8l0, solutions (Ref 21). In the same
hancing wear resistance. However, the effect can vary for differ-manner, molten manganese has been infiltrated in a vacuum fi
ent coatings and wear modes (Ref 16). The method isnace into plasma-sprayed alumina and zirconia-8 wt% yttric
particularly attractive in upgrading low quality oxide coatings coatings. High-penetration depths were achieved, and in t
produced, for example, by flame spraying or strengthening andcase of an alumina coating, M8, reaction products were
sealing of freestanding porous-oxide components. The optimumformed. A large increase in coating hardness (and in the case
heat treatment temperature to AlP€an vary from 180 to 400  zirconia, also in fracture toughness) was obtained for both coa
°C, depending on the phosphate formulation and coating mateings (Ref 22). In a further study various manganese-copper a
rial, which also participates in the reaction. loys were employed for vacuum furnace melting and sealing ¢
Recently water-stabilized plasma-sprayed freestanding alu-zirconia-8 wt% yttria coatings. Contact angles and capillar
minum oxide coatings were sealed with aluminum-phosphate-pressures for various molten manganese-copper alloys we
based solution. The sealant penetrated through the 3 mnalso measured and calculated. The results showed that zirco
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4.2 Inorganic Sealants
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was completely wetted by pure manganese. Alloying with cop- mer. Diffusion rates can be greatly reduced when polarity is
per decreased the wetting until at 80% of copper the wetting an-achieved through nonhydrophilic groups.

gle was 113°, and the liquid did not penetrate into the coating. In addition, environmental factors, health factors, and the
This infiltration improved mechanical properties distinctly as user friendliness of the sealant system need to be considered.
shown also in a previous investigation (Ref 3). Infiltration by Two-component systems with their limited shelf life can suit for
copper electroplating has been used to reveal microcrack patbatch processing but not for continuous use. Sealants that are
terns and to study interlamellar bonding in a plasma-sprayedbased on evaporation of the solvent cannot be used without
alumina coating. However, any effect on coating properties wasproper treatment of the fumes. Catalyzed sealants can cause in-

not reported (Ref 9). consistencies in penetration depth due to the gradual change in
viscosity. Although such development is directed toward water-
4.4 Sealant Properties based sealants, much work remains in achieving sealing proper-

ties comparable to fully organic sealants. Ultraviolet-curable

The sealant when in a liquid state must possess several propsealants are also very practical due to the ease of curing at room
erties to be effective; that is: temperature.

e |thas to penetrate deep enough into the coating.

*  The curing system must be related to the component size5  |mpregnation Theory
(i.e., large components cannot be oven-cured).
+  The sealant must be stable against phase separation by cap- nterfacial surface tension and application viscosity are im-
illary forces during penetration. portant properties of a sealant that largely determine the penetra-
tion depth and velocity. A third important property is the curing
shrinkage, which determines the ability of a sealant to physically
*  Environmental factors must be considered because solvenprevent transport of corroding substances to the substrate.
evaporation is not desirable. The driving force for a sealant to penetrate into the coating is
¢ Possible solvents must be removed properly from the cur- capillary force, which can be described as the pressure differ-
ing sealant to avoid softening. ence AP, using the Young-Laplace equation in the case where
+  The sealant needs to form only a thin surface film to avoid the liquid does not completely wet the capillary:
extra postgrinding.

¢ The curing shrinkage must be the smallest possible.

2y, coH
In the solid state the sealant must accomplish the following: AP = - (Eql)
*  Exhibit chemical durability against the environment wherey,y is surface tension of the sealdis the wetting angle,
« Have low diffusion of electrolyte and oxygen through the andr is the capillary radius. To clarify the importance of inter-
sealant facial surface tension Eq 1 can be written:
¢ Have good adhesion to the coating . ) 2y ~ VeL)
e Have the necessary temperature resistance P=—" (Eq2)

r
¢ Retain or improve functional properties of the coating sur-

face whereysy is the surface tension between the solid and the vapor

¢ Create minimum amount of tensile stress in the coating  andyg_the surface tension between the solid and the liquid.

The last note can be explained as follows. If the strength of _ Since itis not usually possible to choose the surface energy
the sealant develops after adhesion to the pore wall has occurreff the solid, the goal is to decrease the interfacial surface tension
and the sealant has high curing shrinkage, then it can create locdletween the solid and the liquig,, for improved penetration
tensile stresses and cause cracks in low-modulus, brittle coat®f the sealant. , ,
ings. This phenomenon can occur especially with organic However, the rate of penetrgﬂon depends also on the viscos-
sealants, which must be cured at elevated temperatures whery N of the sealant and, according to Washburn, for a liquid dis-
the cross linking starts from the pore walls. Enhancing the effectPlacing air from capillary:
is the fact that polymers have a high coefficient of thermal ex- ry, ., cof

. : . . LV
pansion (CTE) compared to ceramic or metallic coatings andy = ——— (Eq3)
tend to shrink more when cooling from curing temperature. If 4nL
adhesion to the coating is higher than the cohesion of the sealant,
then cracking can occur in the sealant if the curing shrinkage ex-wherev is the penetration velocity ahds the distance from the
ceeds a certain limit. surface. The first equation indicates that the smaller the pore di-

Besides physical hindrance created by the sealant, the elecameter is, the deeper the sealant penetrates if other parameters
trolyte transport in wet corrosion is affected by the chemical re- are kept constant. This indicates that the penetration depth and
sistance of the sealant and the diffusion of electrolyte throughpore-filling ability of a particular sealant depends on the pore
the sealant. In the case of organic sealants, low cross-link densize distribution of the coating.
sity, low crystallinity, high polarity of the polymer, and high am- These simplified models do not take into account that the
bient temperature in relation to the glass transition temperaturecapillaries or pores in coatings are in fact closed from the other
Tg all favor the diffusion of water molecules through the poly- end. The residual air in the pore or evaporating gases from the
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sealant create an opposing force to capillary pressure and limiter was 1.8 mm. Air cooling was used to keep the coating te
the flow of sealant. In the case of air or water in the pores, it isperature below 180 °C during spraying. The thickness of on
important that the interfacial surface tension between the sealanpass was im.
and airy,y, or between the sealant and waygr, is small for in- The substrate material for the rubber wheel abrasion tes
creased penetration. Because evaporation starts before curingvas Fe 52, and in electrochemical polarization measureme
the raising pressure can push viscous sealant backwards an26CrMo4 was used. The size of the specimens for these teg
cause a decreased sealing effect. In addition, the contact angle afere 20 by 20 by 50 mm and 6 by 22.5 mm diameter, respe
a moving meniscus differs from the contact angle of a static one tively. To ensure constant conditions, all the substrates for di
especially at higher temperatures, and this can cause experimerferent tests were sprayed at the same time using a rotati
tal misinterpretations. Surface roughness is also a factor influ-specimen holder.

encing the measured wetting angles and is a possible

measurement error. It can be concluded that impregnation is a

complex dyr_lamlc phenomenon governed t_)y several surface an%.2 Studied Sealants

bulk properties of the sealant and the coating.

POMBINSY 1984

Several commercial and laboratory developed sealants we
6. Experimental employed. Their properties and curing procedures are listed
Table 2. Wetting angles for ground alumina coatings were mea

The goal of sealing by impregnation is usually to improve ured using optical charge-coupled device camera-based we
corrosion resistance of the porous coating-substrate systenting-angle measurement equipment. The dry grinding fo
However, it is important to know how the sealant affects the me-wetting angle measurements was made using 800 grit SiC pap
chanical properties of the coating (especially the wear resis-The image was digitized and wetting angles were calculated u
tance) for various applications. The experimental section ing PISARA software (Fotocomp Oy, Finland). Dynamic vis-
summarizes some recent results concerning the sealing ofosities of the sealants were measured using the Hoppl
plasma-sprayed alumina coatings. The sealing efficiency of dif- viscosimeter according to SFS 3758 (Ref 24) at room temper:
ferent sealants was studied by electrochemical measurementtire. Curing shrinkage was measured from the mass and volu
and wear testing. changes of the hardened samples cast into polytetre
fluoroethylene (PTFE) molds. Note that the solvent-basel
sealant D does not shrink because it forms a polymeric materi
by coalescence and not by cross linking.

The alumina coatings from Amperit 740.1 powder (H.C. Sealing was performed after coatings had cooled to roo
Starck GmbH, Germany) were produced by atmospherically temperature. Light brushing with a nylon brush was the onl
plasma spraying using Plasmatechnik A3000S F4 plasma-sprayrecleaning procedure for the coatings. Sealants were prepal
system equipped with 6 mm anode (Plasmatechnik GmbH,just before application and applied by brushing. All sealant:
Switzerland). Spray parameters are presented in Table 1. were applied only once, except sealant D, which was applie

Spray distance was 110 mm, surface speed was 75 m/minthree times and cured as described in Table 2. The sealants w
distance between passes was 5 mm, and the powder port diamailowed to impregnate for 15 to 30 min before curing. The com

6.1 Coatings

Table 1 Spray parameters for plasma-sprayed alumina coatings

Plasma forming gases, slpm Argon carrier gas,

Powder Particle size,um Current, A \oltage, V Ar H, slpm Feed rate, g/min
Amperit 740.1 —45+225 610 71 41 14 3.9 25
slpm, standard liters per minute
Table 2 Sealants and their properties

Wetting angle ony-alumina, Viscosity,n, Curing shrinkage  Curing shrinkage
Sealant Base polymer Curing parameters degrees mPa/s by weight % by volume %
A Inorganic aluminum 200°C/7h 97 505 48

phosphate

B Methacrylate(a) 60°C/1h 15 6.5 3.8 17.6
C Methacrylate(a) 60°C/1h 15 8.6 2.6 5.3
D Phenol(a) RT 10 15 79.6 8
E Epoxy 80°C/2h 39 162 0.1 0.2
F Methacrylate(a) uv 26 28 0.5 <2
G Epoxy 60°C/2h 42 179 1 0.1
H Furan 60°C/1h—-RT 67 626 2 2
| Vinyl ester 60°C/1h-RT 83 319 0.6 24

(a) Commercial sealant
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mercial sealants aimed for sealing of thermal spray coatings argyielded a relatively high level of porosity compared to the water
marked with (a) in Table 2. immersion method, which indicates the presence of pullouts due
Commercial sealants B, C, and D exhibited very low viscosi- to metallographic preparation (Table 3). Image analysis also
ties and wetting angles but high volume curing shrinkages com-measures the closed porosity, but the smallest pores cannot be
pared to laboratory-formulated sealants E to I. Low wetting detected due to limitations of optical microscopy.
angle and viscosity promote penetration of the sealant into the Alumina coating consisted mainly §Al,O3; only minor
coating. peaks of unmoltea-Al ,O3 particles were detected. The alumi-
num phosphate sealing produces a layer of different crystalline
orthophosphates, metaphosphates, and hydrated orthophos-
phates on the coating surface. A minor amount of AlR@s

The coatings were characterized by x-ray diffraction, optical st d_etected after grinding a 19@n layer from the as-sprayed
alumina surface.

microscopy, and by SEM/EDS. Coating microhardness was de-

termined and porosity was calculated by image analysis from

carefully polished cross sections of the coatings. Open porosityg 4 Dry Abrasion

was determined by the water immersion method according to

EN 623-2 (Ref 25) for freestanding coatings. Image analysis The abrasion resistance of the sealed alumina coatings was
evaluated using a modified ASTM G 65-94 (Ref 26) rubber

6.3 Coating Microstructure

Table 3 Porosity and hardness of the as-sprayed coating wheel abrasion equipment. Angular quartz sand with particle

size of 0.1 to 0.6 mm was used as the abrasive, which was fed be-
Coating Porosity(a), % Open porosity(b), %  HV0.3 tween the rotating rubber wheel and the specimen. The test
Al03 7.7£05 5.2£0.1 915+ 56 length was 5904 m and the specimen load was 13 N.

As is seen from the results in Fig. 1, the dry abrasion behavior

a) As measured by image analysis. (b) As measured by water immersion .
@ yimag ysis. (b) y depended very much on the sealant. The organic sealants E, F,

Table 4 Thickness and maximum current density of as-sealed and ground alumina coatings

Maximum current density Maximum current density

Removed thickness for sealed samples, for sealed and ground samples,
Sealant As-sealedum After grinding, pm in grinding, um WA/cm?2 pA/cm?
Reference 358 10,000
A 330 180 178 8.3-11 4200-4700
B 354 194 164 3000-3400 4100-4700
C 356 186 172 2.8 0.0028
D 358 191 167 0 11.6-14.8
E 363 174 184 0.011 0.0011
F 346 194 164 0 0.0011
G 352 210 148 0 0
H 338 215 143 13.4-16.0 0.23
| 358 220 138 406-462 1376-1667
ref
H
G
 F
<
©
A E
D
[¢]
B
A
0 20 40 60 80 100 120

Wear volume [mm3]

Fig. 1 Dry abrasion wear of the sealed coatings measured as volume loss. Ref indicates as-sprayed coating without sealant.
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and G decreased wear, while H and | revealed a minor effectgrinding lubricant was Grade Shell KA Fluid Blue (Shell, Hol-
Surprisingly, samples sealed with sealants B, C, and D showedand) 1 to 20 in water. The diamond wheel type was
higher wear than the unsealed samples. As shown in previou®©126R75BX400 (Ventiboart, Belgium). After SiC paper grind-
studies, aluminum phosphate sealing, A, is a very effective ing and diamond grinding, the surface was wiped clean with ace
strengthening method, which also improves the dry abrasion re-tone and dried by blowing air.
sistance (Ref 14, 15). In Table 4 the thickness of the coatings as measured by op
The reason for this differing behavior with various sealants cal microscopy together with the maximum current densities a
might lie in the fact that the sealants penetrate, shrink, and adpresented. High current densities indicate a large volume ¢
here to pore walls differently. If the sealant penetrates and ad-open porosity and, thus, high corrosion rates. The detection li
heres well into the coating but has a high shrinkage in curing, itof the equipment for current density was 0.0QAﬁcmz. Thisis
can create local tensile stress fields causing easier and largendicated as 0 in Table 4.
wear-particle detachment. Looking at the curing shrinkages in  The results show that after sealing, sealants D, F, and G pr
Table 2 shows that indeed those sealants B, C, and D, which disduced totally dense coatings. After grinding, only the coating
played the highest wear, also exhibited the highest curingsealed with sealant G was completely dense, although the c
shrinkages. Although the sealant D has higher shrinkage than

sealant C, it was hardened at room temperature and exhibited 100000

poorer mechanical properties than sealants B and C. In tension 10000

the sealant yields, thereby exhibiting its lower effect on de- /
1000

creased wear resistance. / /
Obviously, the more pores are filled with the sealant, then the 100 ¥
more weight loss is recorded with the same volume loss al- f_-" ¢ Substrate

POMBINSY 1984

[nA/em ]

Current density

though the effect is small with these porosity levels and sealant 10 $: - As-sprayed
densities. If the sealant has a strengthening effect on the coating 1 3-

its effectiveness depends on coating porosity. Recent studies o1 ‘ ‘ ‘

have shown that an important factor in increased wear resistance 1000 500 0 500 1000

in aluminum phosphate-sealed oxide coatings is the change in

. . Electrode potential [mV
residual stress state toward compression. (V1

Fig. 2 Current density of the substrate material and as-sprayed

6.5 Electrochemical Measurements coating as a function of electrode potential
Because the penetration depth of a sealant is always limited, 100000

itis important to know how thick a surface layer can be removed 10000

or worn without sacrificing corrosion resistance. As pointed out 1000 1 —

earlier, rough grinding can also open new pores and create
cracks extending through the coating.

The barrier properties of the sealants were studied for both
sealed specimens and for sealed and ground specimens by elec / 4 SA - grinded
trochemical polarization measurements. Barrier properties were B - SA

Current density

100
/
10
V4
y

compared to those for unsealed and unground alumina coatings. 0.01 -
The measurements were performed using EG&G Poten- 0.001 ‘ ‘ ‘
-1000 -500 0 500 1000

tiostat/Galvanostat Model 273A (EG&G Instruments, Prince-
ton, NJ). Neutral solution containing 3.5% NacCl in deionized
water was used as the electrolyte. The electrode potential was
raised from —1000 mV to 1000 mV with the rate of 0.5 mV/s, and Fig. 3 Curre_nt density of the aluminum phosphate sealed and ground
the current density that flowed through the coating-substrate 2/Umina coating

system was recorded. An Ag/AgCl electrode was used as the ref-

Electrode potential [mV]

erence electrode and platinum as the counter electrode. A stabi- 100
lization period of 300 s was used before starting the 10
measurement. Because alumina is an insulator, any current > 1 /
flowing in the system is due to electrolyte penetration through £ <
the coating to the substrate. The electrolyte was in contactonly £ $ %11 / +SD
with the coated surface. The round contact area was in all cases § = o1 H = SD - grinded
1.17 cnf. S
A thin residual sealant film exists at the surface after sealing. 0.001 .
The film was removed from half of the coatings by light grinding 0.0001 | | |
with dry 120 grit SiC paper before measurements to reveal the -1000 -500 0 500 1000
true coating surface with free alumina surface. The other half of Electrode potential [mV]

the sealed coatings was ground with a diamond wheel so that

140 to 180um of the coating was removed. The grinding pa-  Fig. 4 current density of the alumina coating sealed with sealant D
rameters were 2 m/min table speed anquiOcut depth. The after and before grinding
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rent densities with sealants E and F were also very small. Thisnum phosphate. It should be noted that the corrosion potential
probably arises from the fact that these sealants exhibited thénas transferred from over —-500 mV to —200 mV indicating a
smallest curing shrinkage although their wetting angles on alu-change in corrosion reaction at the substrate-coating interface.
mina and viscosity were higher than those for commercial  InFig. 4 the effect of grinding on the permeability of the coat-
sealants B, C, and D. ing sealed with sealant D is seen. Grinding with a diamond
It is interesting to note that the current densities after grinding wheel had either removed most of the sealant or opened new
were smaller than densities in unground specimens for sealant C, Epores extending to the substrate, as can be seen from the maxi-
and H. This could be due to the fact that the residues from grindingmum current densities reaching a value of mﬂ:mz.
might have closed pores at the surface or thatthe sealant has swelled After diamond wheel grinding, only sealant G showed im-
due to water intake from the grinding emulsion. permeability against electrolyte diffusion, being constantly flat
In Fig. 2 to 4 typical electrode potential-current density throughout the voltage range. This indicates that grinding does
curves are shown. As shown in Fig. 2, the alumina coating itselfnot open any new pores extending to the substrate, which could
does not protect the substrate from corrosion although the maxi-destroy the corrosion resistance of the sealed coating.
mum current density was one tenth of that for the plain substrate. Fully sealed small pores through almost the whole coating
Aluminum phosphate sealing is already more effective in along with only partially filled large pores can be observed from
lowering the corrosion rate to almost 1/1000 from unsealed the optical micrographs of coating with sealant G (Fig. 5, 6). The
coating (Fig. 3). However, after grinding of a 148 layer from coating thickness after grinding is 2[th and indicates that the
the sealed surface, the current density or corrosion rate hagenetration of the sealant has been 250 to@00The reason
reached the original value of an unsealed sample, thereby indifor only partial filling of larger pores is due to reduced capillary
cating that much of the aluminum phosphate was removed bypressure in larger capillaries or pores as already shown in Eq 1.
grinding. Our earlier results indicate that aluminum phosphate
penetrates deeper if it is allowed to impregnate before harden-
ing; but this may be difficult due to the higher viscosity of alumi- 7. Conclusions

According to the theory of capillary pressure, it appears that
a low interfacial surface tension between the coating and the
sealant is the most important factor dictating the penetration
depth. The pore size distribution of the coating is equally impor-
tant; larger pores might not become filled due to lowered capil-
lary pressure. Static wetting angle measurements alone might
not provide enough information on dynamic wetting angles,
which depend on velocity.

However, according to results of this study on plasma-
sprayed alumina coatings, it seems that below a certain static
wetting angle (approximately 45°), the sealant penetrates suffi-
ciently deep into the coating. To ensure impermeability it is
more important that curing shrinkage is the smallest possible.
Allowing the sealant to impregnate long enough to ensure ade-
quate penetration is important in using high-viscosity sealants.
In the case of plasma spraying it is also important to note that
grinding of the alumina coating does not necessarily open new
Fig. 5 Optical micrograph of alumina coating sealed with sealant G pores or cracks extending to the substrate.
after grinding. Filled pores are slightly visible. 70 Alumina was used here as the model coating, butin each case
the choice of the sealing method, sealant, and the sealing time
must be separately evaluated, depending on the coating mate-
rial, pore size distribution, component size, finishing procedure,
and the application.
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