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Evaluation method for the adhesion strength
of vitreous enamel
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A new quantitative evaluation method and the formula for vitreous enamel were proposed.
The three-point bending strength was measured by loading on the superposition of test
piece which sandwiched glass layer partly between two steel sheets. The adhesion strength
(o) was calculated using the following equation, o =3PLh/2b - Eg/{Egh® + Es(h® — h3)}w
here, P; bending strength, L; length of span, b; width of glass layer, Eg; Young’s modulus
of glass, Es; Young’s modulus of steel, h; thickness of glass layer, h’; thickness of
superposition of test piece. The evaluation method for vitreous enamel of this experiment
agreed with the empirical evaluation and may be applied to an actual situation. © 7999
Kluwer Academic Publishers

The typical evaluation methods of the adhesion strength We present the development of a test method in
of vitreous enamel include the steel ball drop test[1, 2]which an apparatus for determining three-point failure
the press test [3] and the PEI methods [4-6]. Thesé bonding is applied to a test piece prepared by sand-
methods are not quantitative evaluation methods. wiching a glass layer between two steel sheets. The ad-

The steel ball drop test is carried out as follows: hesion strength of vitreous enamel to glass corresponds
the test piece of vitreous enamel is horizontally fixedto the maximum mechanical failing load, so the adhe-
to the tester with the glass face upwards; a steel ballion strength of vitreous enamel can be determined.
36.51 mm in diameter with a mass of approximatelyThe formula for calculating the adhesion strength in
200 g is dropped by gravity from a height of 45 cm andthis method is introduced and the method is validated
the peeling of the glass layer is visually checked. experimentally.

The press test, using an apparatus consisting of a die In the experiment, alkali boronsilicate ground coat
and a punch, as illustrated in Fig. 1, is carried out adrit was used to coat the steel sheets. Its composition
follows: the test piece is pressed with the punch of aand main physical properties are listed in Table |. The
hand press to break the glass layer by permanent corest piece was prepared using a steel sheet 5 mm wide,
cave deformation, and visual checking is done for thes0 mm long and 1.5 mm thick. The rectangular steel
glass still remaining on the concavely deformed sursheets are degreased and masked except over a length
face. The more the glass that remains, the better thef 11 mm from the edge, and coated by spraying the
adhesion is. This method is, therefore, an in-place evalground coat slip so as to make the calcined glass layer
uation method. 0.2t0 0.4 mmthick. After drying them, the coat surfaces

The PEI method is carried out by bringing a bundleof two steel sheets are put together. Sets of the two steel
of 169 conductive metallic needles into contact with thesheets are placed horizontally and calcined at 700, 750,
test piece which is permanently concavely deformed by800, 850, and 900C, respectively, for 10 minutes in an
the hand press in the same way as in the press methoelectric furnace. The schema of the calcined test piece
and checking for remaining glass area by measuringised for quantitative evaluation is illustrated in Fig. 2.
the numbers of live and dead needles. The adhesion The quantitative evaluation test was carried out by
strength is calculated using: placing a test piece horizontally, and applying a load
Adhesion(%)= {(169— number of live needles)/169 {0 the center of the superposed part at a speed of

10 mm/min, with the three-point bending strength tester

x 100, as illustrated in Fig. 3, to break the glass.

Although this method is the only numerical one among First, the adhesion strength of the ground coat frit
the three methods, it is no more than an index systerfor glass-coated steel used in the experiment was deter-
that uses a special apparatus instead of a visual checakined by the press test. The steel sheets were degreased
The press and the PEI methods are inaccurate becauaed coated by spraying the ground coat frit so as to
pressure-welded glass sometimes remains in the centerake the calcined glass layer approximately 0.3 mm
of the permanently concavely deformed test piece. thick. The steel sheets were calcined at 700, 750, 800,
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TABLE | Composition and fundamental physical characteristic of the

ground coat frit

Oxide mol %
SiO, 51.0
TiO2 3.5
ZrOy 0.5
NaO 17.0
K20 0.5
LioO 2.5
CaO 2.6
BaO 4.4
B>0O3 12.5
Al»,03 3.0
CoO 1.5
NiO 1.0
Coefficient of expansion 10810 7°Cc?

softening point

insert ,

punch

Figure 1 Assembly for measuring the adherence of porcelain enamel.
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Figure 2 Schema of the test piece.
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Figure 3 Measurement schema of adhesion to employ three-point bend-
ing strength.

cined at 900C was slightly lower than that of the test
piece calcined at 800 to 85C.

The superposed partin the test piece used in the quan-
titative evaluation was comprised of glass and steel
sheets. The bending stress,(Mpa), of such a test
piece prepared by combining two or more materials
is determined by the following general formula [7]:

M - Ej- €]
i(Ei-li)
i=1

where M= bending moment (Nm),% moment of in-
ertia of area (), ej= distance between the neutral sur-
face of the superposed surface and the adhered surface
(m) and E= Young’s modulus (Mpa).

The determination methods of M, | and ej will be
described below.

The bending moment, M, is the product of the load
and the distance of the arm. The bending moment, M,
therefore will be

(1)

oj =

P-L
M=— )

The moment of inertia of area, I, depends upon the
shapes of the rotating shaft and the object. The mo-
ment of inertia of area is determined by assuming an
n-axis through the center, O, of the superposition as
illustrated in Fig. 5, and integrating the whole area of
the superposition. Since the superposition comprises
the glass layer and the superposition of the steel, each
moment of inertia of area is determined in this way.

The moment of inertia of area of the glass layer, Ig,
is expressed by:

test results of the test pieces are illustrated in Fig. 4. It h/2

can be seen that the relationship between the calcining Ig = / n?dA

temperature of the ground coat frit and the adhesion —h/2

strength was as follows: adhesion strength of the test hy/2

piece calcined at 700 to 75@ was poor since little = / n” bahy

glass remains on the concave surface; that of the test —h/2

piece calcined at 800 to 85€ was good since more b-h3

glass was observed there; and that of the test piece cal- =12 ®3)

210



700°C 750°C 800°C 850°C 900°C

Figure 4 Results of the press test. Figure on the bottom shows the temperature at which the test piece is fierd.
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. iy ) _ The adhesion strength, (Mpa), can be determined
Figure 5 The model of superposition of the test piece. b; width ofglass]c f la (6). In th . t Vi , dul
layer. h; thickness of glass layef; thickness of superposition of the test rom Ormu, a (6). In the experiment, Oung S modulus
piece. of glass (frit) was 83300 Mpa on the basis of the mea-
surements made using sound waves and that of the steel
The moment of inertia of area of the steel sheet, Is, isheet at 18C was 205800 Mpa.

expressed by: The test piece must be sized for determining the ad-
hesion strength of vitreous enamel by using the above-
Wz, -2, mentioned formula (6).
Is :/ n dA+_/ _n"dA The maximum mechanical failing loads of the test
h2 /2 pieces were optimized using various lengths of super-
Wz, -2 position,¢. The result is illustrated in Fig. 6. It can be
= /h/z n“bdn + /_h,/z n“bdn seen that the maximum mechanical failing load fluc-
tuates with the increase in thevalue. Although a
_ B(h/s —hd) (4) test piece with extremely short or long superposition
12 is rarely precisely superposed, in a straight line, a test

iece with approximately 11 mm of superposition can
e stably prepared. The length of superpositionyas
therefore fixed at 11 mm. The glass layer did not fail

The distance between the neutral surface and the a
hered surface on the superposition, ej, is

h completely in the test piece with the length of superpo-
ej=— (5) sition of 20 to 28 mm and the deformation of the steel
2 sheet started from the edge of superposition. Such test

pieces were not used in the experiments.
The maximum mechanical failing loads of the test
pieces (length of superposition: 11 mm) with glass lay-
3P-L-h Eg ers of various thicknesses were measured to determine
=" EgI® + Es(H — hd) ®)  the optimum thickness of the glass layer, h. The result
is illustrated in Fig. 7.
where P=maximum mechanical failing load (N), In the test pieces with an extremely thin glass layer,
L =span (m), b= width of test piece (m), b= thickness  the superposed area was frequently not the same as
of glass layer (m), h=thickness of superposition the adhered area, while in those with an extremely
area (m), Eg= Young’s modulus of glass (Mpa) and thick glass layer, it was difficult to keep the two steel
Es= Young’s modulus of steel sheet (Mpa). sheets horizontal and parallel to each other because

Substituting formulas (2), (3), (4), and (5) into formula
(1) gives
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Figure 7 The relation between thickness of glass layer and rupture load. ) )
Figure 9 Photograph of destruction surface. The temperatures of calci-

nation were a) 700C, b) 750°C, c) 800°C, d) 850°C, e) 900°C.

3.0 — . . . — —

2.5 J—— ] Althoughitis hard to identify the destruction-starting

20k A ,,,,_.\\\\ ] point in the adhered part in the press test because
i s = Ny of the permanent deformation caused by this method,

15 /. - e ] the destroyed part can be identified in the present test

108 =/ / ] method. Fig. 9 reveals that the surfaces of the steel
o5k i— % - ] sheets are exposed due to the destruction of the inter-
' ] face between the steel sheet and glass in the test pieces
! S — : L calcined at 700 and 75, and that glass from the de-
700 7CSIO _ 800 B?CO 900 stroyed glass layer remains on the steel sheet in the test
aleination temperature (1) piece calcined at temperatures from 800 to 9Dpbe-
Figure 8 The relation between calcination temperature and adhesiorf@use destruction of the glass layer begins at the weak-
strengtho rasped offe standard. estpart. Thisis perhaps because the adhesion strength is
so much increased by raising the calcining temperature
glass easily flows out from the edge of the Superpojhat the adhesion strength of the interface exceeds the
sition area. Thus, stable preparation of the test piece frength of glass. T_h|s agrees with King's [3] point of
with a very thin or thick glass layer was difficult. The view that the adhesmn_st_rength between the steel sheet
thickness of glass layer was, therefore, fixed at 0.2 t nd th_e ground coat frit is higher than the strength of
0.4 mm. The thickness of the practical ground coat fritglaSS liself. - .
for glass-coated steel is 0.2 to 0.4 mmin the same range Our results '|nd|cate that vitreous enamel has the ad-
of e st pieces used forne operment. _ WeSaimemacean e
In practice, the surface of the steel sheetis sometimes ~ . o . ap
pretreated by sandblasting to roughen it in the manuProPriate for_ guantitative evaluation of the adhesion
: Ss[trength of vitreous enamel.
facture of vitreous enamel products. The standard te

: : ; : Our test method is characterized by the obtaining of
pieces prepared by degreasing only without coating by , =~ . ) : ;
spraying the ground coat frit were compared with the%bjecnve data without the visual observation necessary

test pieces prepared by roughening the surface of thg the press test, and employs a simple procedure with-

steel sheet with #100 sandpaper, degreasing it, coati pt using the special tester used for the .PEI method.
by spraying the ground coat frit and rasping. The adhe>1C® the current test methods for evaluating the adhe-
sion strength of the standard test pieces, as illustrated " strength of vitreous _enamgl do not have thesg Spe-
in Fig. 4, does not differ from that of the rasped testC'al features characteristic of this test method, it will be

pieces as checked by the press test able to be put to practical use for evaluating vitreous

Then, the quantitative evaluation test was carrieaenamel'

out, and the test result is illustrated in Fig. 8. It can

be seen that the adhesion strength of the rasped tegkferences

pieces is generally higher than that of the standard tegt Jis-R4201 (1983).

pieces. This may be because the actual area of adhe-JIS-R4301 (1978).

sion achieved by rasping the surface of the steel shetB- W. KING, H. P. TRIPPandW. H. DUCKWORTH,

is larger than the apparent superposed area. Accorg- j‘ISA_rgi;&eEignésS)Odz(1959) 504.

ingly, the result can evaluate an adhesion factor which astu-c313 (1975).

can not be evaluated by the press test. 6. G. L. ALLEN, AVEL (Australasian Vitreous Enamel Institusg
The adhesion strength increased with an increase in (1974) 20.

the calcining temperature up to 700 to 8@) reached 7- TAKES! KANAZAWA , MASAO YOSHIORI, “Zairyouriki-

amaximum adhesion strength at 88) and decreased ~ 9akumeikai” Youkendou (1959), p. 112.

at 900°C. The result agrees with the trend observed inReceived 1 November 1997

the press test results. and accepted 15 July 1998

Adhesion strength(MPa)

00°~

212



