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Effect of surface pretreatments on the adherence
of porcelain enamel to a type 316L stainless steel
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Porcelain enameled 316L stainless steel with different surface pretreatments was produced
by a slurry-fusion technique for evaluation of the enamel/steel adherence using an
electrical conductivity meter. From the measured results, it is found that the adherence of
the porcelain enamel to the steel depends on the roughness of the enamel-steel interface,
which, in turn, is controlled by surface pretreatments of the steel substrates. The difference
in the adherence of the enameled steel can be explained from an examination of the
microstructure of enamel-steel interfaces by scanning electron microscopy. Good
adherence is associated with those specimens that have a long enamel-steel interface
contour, i.e., rough interfaces. In addition, X-ray diffraction analysis of the delaminated
enamel fragments upon impact deformation reveals that failure of the enamel coatings in
an oxidized steel occurred at the oxide-steel interface which is supposed to have strong
chemical bonding, and that the oxide scales present before enameling are partially
dissolved in the enamel during firing. The difference in the coefficients of thermal
expansion among enamel, oxide, and steel is likely to play an important role in determining
the failure mode of the enameled stainless steel. In summary, these results suggest that the
adherence of the porcelain enamel to the 316L stainless steel is mainly controlled by a
mechanism of mechanical interlocking. © 7999 Kluwer Academic Publishers

1. Introduction lain enameled stainless steel is very limited. From a
Alloying is an effective means for improving the re- previous study by Shieat al. [8], it is found that the
sistance of iron-based metals to attacks by corrosiveorrosion resistance of 316L stainless steel was im-
environments at either moderate or elevated tempergroved markedly by the application of porcelain enamel
tures [1]. Among the various alloyed low carbon steelsto the steel. Itis the objective of this research to further
the 18% Cr, 8% Ni (18-8) austenitic stainless steel isnvestigate the effect of surface pretreatments on the in-
the most popular and widely used among the stainlesterfacial microstructure and the adherence of porcelain
steels now produced. The austenitic stainless steels, #namel to the steel. The predominant bonding mecha-
general, are resistance to nitric acids, dilute sulfuricnism which controls the adherence of the enamel to the
acid at room temperature, most food acids and acetistainless steel, is also discussed.
acid, sulfurous acid, alkalies, and the atmosphere. They
are, however, not resistant to dilute or concentrated
HCI, HBr, and HF, oxidizing chlorides and seawater,2. Experimental
and concentrated sulfuric acid at high temperature. FoA commercially available type 316L stainless steel with
power and energy applications in which the atmosphergery low carbon content was used as the substrate for
often contains sulfur dioxide at high temperature, it haghis study. The nominal concentrations of C, Cr, Ni, Mo,
been found that components made of austenitic stainMn, P, Si, and V in the steel were 0.023, 17.26, 11.01,
less steels have very short service life [2]. 2.06, 1.715, 0.029, 0.420, and 0.071%, respectively. A
Application of ceramic coatings to stainless steeldtotal of forty specimens (five in each group) of dimen-
is an alternative route to solve the corrosion problemsions 156 100x 1.5 mm were cutfrom a large stainless
Among the various ceramic coatings including oxides steel plate. The two sides of the steel plate had different
nitrides and carbides, porcelain enamel is one of thdinishes: one with rolling marks and the other exhibit-
most economic and well-established technologies. Thang optical smoothness. On the basis of initial surface
physical, mechanical, and corrosion resistance, as welinishes, the specimens for enameling were classified
as microstructure, of porcelain enameled low carborinto three categories, i.e., (i) those treated with ball
steels are well studied [3-7]. In contrast, our under-blasting, (ii) as-received specimens of which the sur-
standing of the microstructure and properties of porceface had rolling marks, and (iii) as-received specimens
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TABLE | The experimental conditions and adherence test results ofeled sheet steel by a deforming press. In addition to

porcelain enameled stainiess steel cohesive failure where fracture of the enamel occurred
Surface treatments of owing to deformation, adhesive failure resulting from
substrates before enameling the delamination of the enamel from the steel sub-

strate, can readily take place in systems where the bond-
; = ) ing strength between enamel and steel is weak; thus

with in air at PEI test Ratio of . .
1um  500°C  adherence interface L€ Steel substrate is exposed to the air. After clean-
Category Ball-blasting AOs  for5min index contour NG the loosely bound enamel fragments from the steel
substrate, the electrical conductivity of the depressed

Polishing Oxidation

i yes 53£13 148 region in the specimen is measured by an adherence
i yes 74+7 127 meter.
yes 5417 1.34 The adherence meter is an electronic instrument
yes yes 5420 1.29 equipped with 169 needle-like probes assembled in
ii yes 45+2  1.08 a hexagonal pattern. Each probe is connected to an
yes 0 1.00 electrical circuit, which will be completed through the
yes yes 0 1.04

grounded base metal of the specimen where the enamel
(an insulator) is broken down completely and the base
metal is in direct contact with the probe. Conductivity

] ] measurementis done by pressing the probe head against
of which the surface was optically smooth. Ball blast-the gepressed region of the specimen and counting the
ing was carried out with a mixture of steel balls rangingnymper of probesX, which form complete circuits.

from 0.1 ~ 1 mmin diameter at a pressure of 2.0 MPa.The extent of adhesion between enamel and steel is
For specimens of the last two categories, three d'ﬂerexpressed by an adherence index:

ent treatments including (a) final polishing withn

Al,O3 powder, (b) oxidation in air at 50@ for 5 min, A =[(169— X)/169] x 100 1)

and (c) a combination of (a) and (b), were further im-

plemented. The as-prepared specimens were Subjectgd:an be easily understood that the higher the adherence
to degreasing in a 5% N&iOs solution at 70C for 40  index, the better the adhesion of the enamel to the steel.

min and then rinsing in running cold water for 4 min, ~ The surface topography of the enameled specimens
neutralization in a mixed solution of 1.2 g/l Ma0;  after aforementioned mechanical deformation was ex-

and 0.4 g/l borax at 70C for 4 min, and drying in an amined by an Olympus PME3 microscope. To under-
oven at 100C for 30 min before enameling. The ex- stand the effect of different surface pretreatments on the

perimental conditions for each group of specimens ignicrostructure of the enameled stainless steel and their
given in Table I. influence on the adherence, cross-section specimens

Commercial frits 5205, 5206, and 5263 from Ferrowere prepared by a standard metallography procedure
Co., Japan, were ball-milled separately down to 20d10]. Examination of the interfacial microstructure was
mesh and mixed, with equal part of each frit and ad-carried out by a JEOL 5400 scanning electron micro-
ditives of kaolinite, quartz, borax, NaNGnd water, Scope (SEM) equipped with a Link energy dispersive
to form a batch of enamel slip. The specific gravity of spectrometer (EDS). The microscope was operated at
the enameling slip was controlled between 1.6-1.67 byan accelerating voltage of 15 kV and the electron mi-
adjusting the water content, and the slip was aged fogrographs were recorded using the backscattered elec-
36 to 48 h before enameling to improve its fluidity. The trons. The chemistry of the reaction products at the
enamel slip was then applied to the pretreated she@namel-steel interfaces was analyzed both by an en-
steel by a hand-spraying system. The weight gain fo€rgy dispersive spectrometer which has energy resolu-
each specimen after enameling was about 33 m@/mmtion of 138 eV for MrK,, and by glancing angle X-ray
resulting in a coating of thicknessl00.m. The spec- diffraction using CIK, radiation with incident angle
imens were then dried in an oven at T&for 30 min.  of 1°.
Firing of the porcelain enamel was carried out in a box
furnace at 820C for 4 min and then cooled in air. 3. Results

The adherence of porcelain enamel to steel was evaB.1. Surface morphology of the stainless
uated using a conventional method, the electrical con-  steel before enameling
ductivity measurement, which gives a percentage numAn electron micrograph of the surface morphology of
ber called adherence index. This testing method waspecimens treated with ball blasting is given in Fig. 1a,
initiated in 1951 by the Porcelain Enamel Institute (PEI)in which scratches and gouges due to mechanical dam-
of America and later in 1978 adopted by the Americanage can be readily seen. The surface appearance, in
Society for Testing and Materials (ASTM) as a stan-general, is rough and full of fiber-like debris. The sur-
dard method for evaluation of the adherence of porceface finish of the two sides of the as-received steel plates
lain enamels and ceramic coatings to sheet metals [9]s different: one is rough with rolling marks, Fig. 1b,
Since then, it has been widely accepted by the enameaind the other is relatively smooth, Fig. 1c, correspond-
industry as a quality control tool for evaluation of the ing to the specimens of categories (ii) and (iii), respec-
adherence of porcelain enamels to low carbon steel. tively. The rolling marks on the specimens of category

To prepare for the conductivity measurement, a circu{ii) are mainly parallel to the rolling direction. After
lar depression is first made on an originally flat enam-polishing with grit #1200 SiC paper andudm Al,Os3,

23+06 1.00
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Figure 1 SEM micrographs of the stainless steel surface before enameling: (a) specimens treated with ball blasting, (b) as-received specimens with
rolling marks, (c) as-received specimens with smooth surface.

some rolling marks still remain on the specimen sur-the surface ofthe specimens oxidized in air at 50or
face. Although the smooth surface of specimens in cat5 min remains pretty much the same as that of the speci-
egory (iii) is optically reflective, a close look at Fig. 1¢, mens without oxidation treatment, except that the color
indicates the presence of surface defects such as derdsthe specimens changes from silver gray to golden
and voids. From the SEM observation, it is found thatbrown.
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Figure 2 A histogram showing the measured adherence indices of porce-
lain enamel to the stainless steel with different surface pretreatments.

3.2. Adherence of porcelain enamel to the
stainless steel
A histogram showing the adherence of porcelain
enamel to steel for each category of the specimens i
given in Fig. 2. It can be seen that specimens of cate:
gories (i) and (ii) exhibit much better adherence than
those of category (iii). The adherence index of spec-
imens in category (iii) is very close to zero, i.e., the
enamel coatings are almost completely delaminatec
from the substrates and the steel is exposed to the a
upon impact by the deforming press. As a result, the
depressed area in the specimens of category (iii) give:
a bright and lustrous appearance, as shown in Fig. 3a
Unlike the specimens of category (iii), the depressed
area in the specimens of either category (i) or category
(ii) looks dull and rugged, as shown in Fig. 3b. After _ ] ) ]
cleaning the loosely bound enamel fragments from thé&'9ure 3 Optical micrographs of the enameled steel upon impact defor-
. . fation for conductivity measurement, illustrating the different appear-
steel substrate, a close examination of the depress%gize of specimens with (a) poor and (b) good adherence.
area reveals that a large portion of the region is still
covered by enamel remnants. It is noted that the area
percentage covered by the enamel remnants increasggbstrates has rolling marks, is shown in Fig. 4b. The
with the value of the adherence index. The adherencgerfacial morphology of the specimens which were
index, 53+ 13, of specimens in category (i) is lower pretreated either polishing, oxidation or both, in this
than that, 6115, of the specimens in category (ii). category is similar. A cross-section SEM micrograph
In addition, among specimens of category (ii) of which of the enamel-steel interface of the as-received speci-
the surface of the as-received steel substrates hasrollingens in category (iii) is shown in Fig. 4c, from which
marks, final polishing of the substrates byt Al,O3 it can be seen that the interface is rather flat.
alone produces the highest bonding strength between Cross-section SEM result in Fig. 4 shows that the
the porcelain enamel and the steel. interfacial morphology of the enameled steel is differ-
ent for specimens of different surface pretreatments. By
taking the shortest contour length of the enamel-steel
3.3. Microstructure of enamel-steel interface of the as-received specimens in category (iii)
interfaces as a reference, the ratios of the contour length for each
A cross-section SEM micrograph of the enamel-steegroup of specimens are calculated and listed in Table I.
interface in which the steel was ball-blasted, is shownThe average contour ratios of categories (i), (ii), and
in Fig. 4a. As aresult of the impact by the steel balls, theiii) are 1.48, 1.30, 1.03, respectively. In addition, it is
steel near the substrate surface was heavily deformeaubted that specimens of category (i), shown in Fig. 4a,
and large pieces of steel are displaced from its originahas the longest interfacial contour length, i.e., high-
position, resulting in the formation of wavefront-like est contour ratio, due to the presence of wavefront-like
morphology as illustrated in Fig. 4a. The microstruc-morphology, but in practice, as indicated in Fig. 4b, the
ture of the enamel-steel interface of specimens, whiclnterfacial contour of the specimens in category (ii) is
were undergone oxidation treatment before enamelingnuch uniform and the local roughness of the interface
in category (ii) where the surface of the as-received steat higher than that of the specimens in category (i).
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Figure 4 Cross-section SEM micrographs of the enamel-steel interfaces with different surface pretreatments: (a) the steel substrate was ball-blasted,
(b) as-received specimens with rolling marks, (c) as-received specimens with smooth surface.

4. Discussion steel or -metal interfaces. One attributes adherence to
4.1. Control of the adherence by a the formation of chemical bonding at the interface, and
mechanism of mechanical interlocking the other considers it as a result of mechanical inter-
Inthe literature [3-6, 11, 12], two basic theories are pro{ocking. Which mechanism controls the final bond-
posed to describe the bonding mechanism of enamelng strength of enameled steels is still a subject of
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controversy. Although, in principle, the chemical bond- only. Surprisingly, the experimental result of conduc-
ing which results from some various chemical reactiongivity measurement shows that oxidation treatment has
at interfaces, should give higher bonding strength, exno significant effect on the adherence, and no direct
amples exist that excessive chemical reactions can deorrelation between adherence index and the ratio of
teriorate the bonding strength of the enamel-steel interinterfacial contour is found in this category of speci-
faces [3, 7]. mens. Infact, the polished specimens without oxidation
Since no reaction layer between the enamel and th#eatment demonstrate the highest adherence among
steel is observed from the SEM analysis, within thethis category of specimens. This result gives a direct
resolution limit of the microscope under operation, 10evidence that mechanical interlocking controls the ad-
nm, the interface morphology must play an importantherence of the porcelain enameled stainless steel. It is,
role in controlling the adherence of the enamel coathowever, noted that this mechanism alone can enhance
ings to the steel. The experimental results of conducthe adherence of the enameled stainless steel to a rel-
tivity measurement shows that good adherence of thative low level, i.e., adherence index60, compared
porcelain enamel to the steel is associated with thoswith that of plain carbon steels in which the adherence
specimens that have high contour ratios, i.e., rough inindex up to 95 is readily obtained, in particular, using
terfaces. A plot of the adherence index vs. the averageither nickel or cobalt flashing [3, 4, 7, 12]. Dietzel
contour ratio gives a sigmoidal curve, in which the ad-[13] proposed a galvanic corrosion mechanism to ex-
herence index reaches a saturation value®® as the plain the roughening and high density of anchor points
contour ratio is higher than 1.30. The fact that all theat the enamel-steel interface, and thus good adherence
specimens from category (iii) have very low adherenceof the enameled plain carbon steels. Since the oxidation
can be understood from the cross-section SEM micropotential of the stainless steel is different from that of
graph in Fig. 4c, in which the interface is relatively flat the plain carbon steels, this mechanism may not be ap-
and is lacking any mechanical interlocks. By increasingplicable to the stainless steel. Indeed, the experimental
the interface roughness either by ball blasting (categoryesults suggest that surface roughening either by ball-
() or cold rolling during sheet steel forming (category blasting or mechanical polishing is a more practical way
(i), the adherence can be improved significantly. Sim-of enhancing the adherence of enameled 316L stainless
ilar results were reported by Richmogtal. [4, 5] for  steel.
porcelain enameled plain carbon steel, in which nickel-
flashing were used to introduce galvanic corrosion att.2. Adhesive failure of the enameled
the interface and thus produced many anchor pointsto  stainless steel
enhance the adherence. Formation of primary bonding resulting from chemical
For specimens of category (ii) of which the steel sur-reactions at metal-ceramic interfaces has long being
face has rolling marks, it is observed that polishing ofconsidered to be an important mechanism for enhanc-
the substrate with um Al,O3 results in better ad- ing the bonding strength of metal-ceramic interfaces
herence than those pretreated with oxidation, and witli3, 11, 12]. The fracture surface of the enameled stain-
both polishing and oxidation. The last two groups of theless steel with oxidation pretreatment upon impact de-
specimens involve an oxidation treatment of the steeformation exposes the luster appearance of the metal,
substrates in air at 50€ for 5 min before enamel- which suggests that delamination of the coating oc-
ing; thus a thin layer of iron oxides is present at thecurred between the steel substrate and the oxide layer
enamel-steel interface (see next section). The chenproduced during the oxidation pretreatment. Analysis
istry of the enamel-steel interface in which the steelof the delaminated enamel fragments by X-ray diffrac-
was oxidized before enameling is expected to be diftion reveals the presencewfFe,05 in the remnants, as
ferent from that of the specimens treated by polishingshown in Fig. 5. The presence of an iron oxide layer at
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Figure 5 Glancing angle X-ray diffraction of the delaminated enamel fragments, in which the steel substrate was oxidizé@ @t 80Cor 5 min
before enameling, indicates the presence-#%,03 in the remnants.
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the enamel-steel interface was also suggested by RitcMABLE Il Elastic constants of enamekFe,O3, and 316L stainless
et al.[14] from a comparison of the iron content acrossstee! [18. 19]

the interface using a chemical measurement and difgeria E (GPa) v o (x10-5K-1)
fusion calculation. The atomic bonding between steel

and its oxides is, in general, partly ionic and partly co-Enamel 72.5 0.23 8.6
valent, and has energies approximating the magnitudgFe0s 15;3',1 00-2268 19é04

of 100 Kcal/mol, which is about an order of magnitude >
higher than the van der Waals bonds [15]. Neverthe-
less, it is observed from the experiment that failure of
the enameled steel oxidized at 5@for 5 min before  thickness, Young’s modulus, and Poisson’s ratio of the
enameling occurred between the oxides and the steahaterials, andhgh andTiow are the firing temperature
Similar result was reported by Hautanieatial. [16],  of the enamel and the temperature after cooling down,
in which failure of the porcelain enameled titanium ox- respectively.
idized at 800C in a vacuum of 6.65 Pa to produce an By substituting the corresponding parameters for
oxide layer of~0.2 um, was found to occur between enamel and steel listed in Table Il into the above equa-
the metal and the oxide layer underneath the enamel.tions, the unrelaxed thermal stresses in the enamel coat-
It is known that chemical bonding between metaling and the steel, upon cooling from the firing temper-
and ceramic produces much better adherence than mature of 820C, are calculated to be 721 and 36 MPa,
chanical interlocking, and is considered to be a moreespectively. Since X-ray diffraction of the delaminated
favorite bonding mechanism for metal-ceramic inter-enamel fragments shows the existence-¢ie,0O3; ad-
faces. However, from the current experimental resulthered to the enamel, the enameled stainless steel is very
it is obtained that all the specimens in category (iii) ex-likely to have a three-layer, i.e., enamel-oxide-steel,
hibit very poor adherence. The low bonding strength ofstructure. According to the study of Brennan and Pask
the enameled steel suggests that formation of chemic§l 1], oxides of iron tend to dissolve in porcelain enamel
bonding at metal-ceramic interfaces is not a sufficientduring firing; consequently, good compatibility is ex-
condition for good adherence. Other factors, e.g., depected to exist between oxides and porcelain enamel.
fects and the state of residual stresses at the enamel-stéeladdition, «-Fe,0O3 has a coefficient of thermal ex-
interface, may play an important role in controlling the pansion 90 x 10°® K1, which is very close to that of
adherence of porcelain enamel to the steel. the enamel, x 1075 K~1[18]. Using Equation 2, itis
From a study of the microstructure and chemistrycalculated that the unrelaxed thermal stress in the oxide
of an air-oxidized 316L stainless steel by Shédial. near the oxide-steel interface is 495 MPa. Since the re-
[8], it was shown that the oxidation pretreatment of thesistance of a smooth enamel-steel interface, as shownin
steel produced an oxide film 6f70 nm thick, whichis  Fig. 4, to an applied shear stress parallel to the interface
free from detectable defects such as cracks and voids weak, it is believed that failure of the enameled steel
in the oxide layer. In addition, it was demonstrated thatalong the oxide-steel interface is assisted, to a large
the corrosion resistance of the oxidized steel in a hoextent, by the residual thermal stresses resulting from
boiling 30% sulfuric acid solution was improved con- the difference in the coefficients of thermal expansion
siderably, compared with the steel without an oxida-between the oxide and the steel.
tion treatment. Defects near the oxide-steel interface
are thus unlikely to weaken the adherence of the ox-
ides to the steel. On the other hand, when dealing witf9. Conclusions
a ceramic coating on metals, it is essential to considefhe adherence of porcelain enameled 316L stainless
the residual stresses due to a difference in the coeffisteel is dependent on the morphology of the enamel-
cients of thermal expansion between the two materialsteel interfaces. Specimens with rough surface before
as temperature is changed [7, 17]. An estimate of th@nameling, either produced by ball blasting or cold
unrelaxed thermal stresses in a metal-ceramic bilayeiolling during sheet steel forming, show much better ad-
can be obtained by solving equilibrium, compatibility, herence than those with smooth surface. For specimens
and constitutive equations. Following the approach oPf similar surface roughness, oxidation pretreatment re-
Shieu and Sass [17], the unrelaxed thermal stresses #lting in a thin layer of oxide layer on the steel surface,

the enamelgenamer @and the steel substraigyee, are does not have any significant effect on the adherence of
the enamel coatings. It is therefore concluded that the
Aa x AT adherence of porcelain enameled 316L stainless steel

o = ; . i o

enamel = = rame) . NenamelX (L — Vstee) is mainly controlled by a mechanism of mechanical in

terlocking.
Eenamel Nsteel X Esteel
)
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