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INTRODUCTION

In previous works by various authors it has been established
that fillings of silver amalgam show a very high frequency of
marginal fracture. No explanation of this phenomenon has been
offered, so it has not been possible to take systematic measures
to avoid it. It is well known that occlusal marginal fracture is
one of the most important factors in reducing the life of amal-
gam fillings apparently prepared by correet technique, and that
the fractures are often responsible for serious secondary injury
to the tooth. It therefore seems useful to carry out an invesliga-
tion on the process of fracture and its underlying factors.

The present study is based on observations of amalgam fillings
in extracted teeth*), on a number of new experiments, and on

The Danish Dental Association Fund for support of scientific and practical
investigations within dentistry has contributed toward purchases of the
necessary materials for this study. The author wishes to express his best
thanks for this aid.

+) Including approx. 1200 first molars from various school dental clinics
in Copenhagen and provincial towns. This material was grouped by age of
patients (7—14 years) at the time of extraction so that the approximate
maximum age of the fillings was known.
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a rather varied theoretical and experimental knowledge. There-
fore the subject-matter can hardly be arranged under the tra-
dilional headings, and it is hoped that this will not interfere
too much with the understanding of the report.

A. TYPES OF FRACTURE

Marginal fractures may be divided into two main types de-
pending upon the direction of the surface of fracture relative
to the surface of the filling. The first type (the p-type, Figures
1a, 2, 3, 4, and 5) is characteristic in that the surface of fracture
forms an acute angle with the filling surface, while in the sec-
ond type (the t-lype, Figures 1b, 6, 7, and 8) lhese iwo surfaces
meet at an obtuse angle.

Type p is a fracture caused by a pressure, while type t is a
fracture caused by a pull, and both forces have been exerted on
the free surface of the filling (AM in Fig. 1). The following oh-
servations have led to this conclusion,

1. In experimental investigations on the strength of amalgam
margins under pressure (Jgrgensen & Palbgl, 1964) the angle of
fracture was measured and consistently found to be less than
a0,

2. Inspection in slereomicroscope (two oculars and two ob-
jeclives for three-dimensional view) of several hundred ainal-
gam fillings in extracted teeth frequently revealed the presence
of loose frugments of the amalgam margin, which had been dis-
located into a slit between filling and cavity wall. In all these
ases fraclure and displacement have evidently been caused by
the same force, viz. a pressure on the free filling surface. All the
surfaces of fracture were of type p.

3. Microscopie examination of sections of about two hundred
amadgam fillings in extracted teeth often showed incomplete
fracture surfaces (cf. Figures 4 and 9) of the p-type, where the
slit formed by the fracture had its greatest width at the free
surface of the filling. Such a slit can be explained only by pres-
sure on this surface.
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Fig. 1. The iwo principal types of marginal fracture. AM is the free surface

of the filling, while CM is the surface facing the cavity wall. The fracture

is marked by a serrated line. a is the p-type fracture, produced by pressure

on the surface AM, while b is the t-type fracture, produced by different
forms of tensile loads applied in the face AM.

4. Numerous unsupported amalgam margins (of fillings in
teeth and of various types of experimental fillings in glass tubes
ete.) were loaded until fracture by means of the point of a blunt
explorer. The surfaces of fracture were all of type p.

5. The type t fracture was imitated experimentally by pol-
ishing the margins of occlusal amalgam fillings with different
types of dental burs rotating from filling toward tooth. The
cutting edges of the burs will be pressed down into the amal-
gam, which will be pulled in the direction toward the free amal-
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Fig. 2. Fig. 3.

Fig, 2. p-type fracture in an occlusal filling. Note the slit between enamel
and amalgam and the oblique surface of fracture, which meets the enamel
surface ta form a narrow V-shaped groove along the filling margin,
Leitz Ultropak, 90 X.

Fig. 3. As Fig. 2. The slit between tooth and filling widens toward the
fractured area. 90 x.

Fig. 4. Fig. 5.
Fig. 4. p-type fractures in an occlusal filling. A picce of the margin is
partially broken oft and pressed against the enamel surface.
Leitz Opak-illuminator. 90 X.
Fig. 5. p-lype fracture in an oeclusal filling. The upper part of the surface
of lracture is possibly the remainder of a t-tracture.
Leitz Opak-illuminator. 90 X.
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Fig. 6. Fig. 7.
Fig. 6. t-type fracture in an occlusal filling. Note the slit between filling
and enamel. Leitz Ultropak. 90 X.
Fig. 7. As Fig. 6. 90 Xx.

Fig. 8. Fig. 9.
Fig. 8. As Fig. 6, but taken with Opak-illuminator. 40 X.
Fig. 9. Incomplete p-fracture in occlusal amalgam margin. The fragment has
been tilted against the tooth thereby closing the opening of the slit between
filling and tooth. Leitz Opak-illuminator. 90 X.
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gam margin, and the line of fracture b (see Fig. 1) will result®).
Polishing with stones considerably reduced the lendency to mar-
ginal t-fractures. Polishing of unsupported amalgam margins of
occlusal fillings sometimes produced pure p-type fractures, sone-
times transitions from the p- to the t-type. The former type oc-
curred when there happened to be a relatively wide slit between
filling and tooth (see Chapter I1I1), while the latter was observed
in connection with relatively narrow slits.

6. The t-fracture was also duplicated by forcing teeth with
ocelusal amalgam fillings down into sticky food (such as soften-
ed caramels), from which they were subsequently removed using
a pull. After the experiments the fragments of the amalgam mar-
gins could be demonstrated in the impressions in the tacky food.
The angle of fracture (v,, Figure 1) was in each case appreciably
larger than 90¢.

In amalgam fillings which have served in the mouth for some
length of time (e.g. one year or more) the p-type fracture was
greatly predominant; it also seems to predispose 1o poor hygienic
conditions along the filling margins to a much higher degree
than the t-fracture. Probably, marginal fractures of amalgam
fillings mentioned in the literature or elsewhere will practically
always be fractures of the p-type, and it is also this type which
will be discussed in detail below.

B. THE PROCESS OF FRACTURE

For the purpose of a mechanical analysis of the process of

fracture the amalgam wmargin can be considered a geometrice
wedge (see Figure 10). Breakage of such a wedge under pres-
sure exerted on ils free surface presupposes that the amalgam
margin can be stressed beyond the crushing strength of the mu-
lterial. In general, this condition is fulfilled only if there is a slit
between malgam margin and cavity wall of the width d or more,
d (see Figure 10) being the deformation of the amalgam margin
at the breaking point.
" #) l-lwsllr(r)ll‘r]‘d he noted that the division into p- and t-fractuves is based, not
upon the stress condition in the amalgam margin under load, but on the
divection of the fracture-producing force in relation to the Irec amalgam
surface
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Fig. 10. Diagram of amalgam margin under load. A is the bottom of the
slit, BC is the free filling surface, and d is the necessary width of the slit
for fracture of the margin, The dotted line denotes the shape of the
deformed margin.

The magnitude of d can be calculated with good approxima-
5 5
tion from the formula*

d :#_ o (I 4+ v+ 8Aa«) mm, (1)
E. sin =

2
where p is the pressure on the wedge in kp/mm?2
r is the length of the wedge in mm,
v is Poisson’s ratio (=(.3) for the material,
« is the angle in radians, and

1 sin 2
. 4 8in 2 a
A is

] —a-sin2a—cos 2 a.

Loading of the wedge with the pressure p will induce tensile
stresses in the loaded side of the wedge and compressive stresses
in the opposite side. Since the tensile strength of silver amalgam
is much lower than its compressive strength (Rodriguez & Dick-
son, 1962, and others) it is the tensile stress condition which is
of particular interest in the present analysis. This condition may

#) This and the following formulas (2) and (3) have Kindly been cal-
culated by Professor F. Niordson, Ph. D., The Technical University of Den-
mark, to whom the author offers his best thanks.
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be expressed by the formula

o=p- Y1 +4B+ 16 B2 kp/mm?, where 12)
g (cos2a- 1)

1--asin2a--cos2a

The formulas (1) and (2) apply only to loads and deforma-
tions below the elastic limit, butl since the ductility of amalgam
is very low (0.3 0.5 % elongation according to Rodriguez &
Dickson, 1962), they may be used with good approximation to
the breaking point of this material.

If o in (2) represents the ullimate tensile strength of the silver
amalgam, p indicates the load in kp per mm? necessary for
breaking the wedge-shaped margin. If a certain value is assigned
to s it is possible, on this basis, to calculate p for marginal angles
of different values.

Table 1
Mavimum load (kp/mm2) on amalgam wedges us influenced by the size
(degrees of «re) of the wedge ungle

Ultimate tensile strength of the amalgam 8 kp/mm=?

|
15“221/9»"1 30‘»} 459

60 l 75»’| 90 Il
|
1.

Angle of wedge ’ 100

Max. load | n.ns, 1).18) n.421 0.77

|
!
1.89 3.02‘ 5. );\ gonl o n‘u

The values in Table 1 and in Figure 11 serve as an example,
where the tensile strength of the amalgam is assumed to be
8 kp/mni2. Such an amalgam must be considered to be of high
mechanical quality. It is pointed out that the maximum load p
is proportional to the tensile strength of the mmalgam, and thal
beyond the tensile strength the formula (2) contains no dimen-
sions of the amalgam wedge except the wedge angle.

A simplified formula

p= e
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Fig. 11. Influence of the marginal angle upon the strength of a wedge-
shaped amalgam margin under pressure. The curve is calculated on the
assumption that the amalgam has a tensile strength of 8 kp/mma2.

applies with fair approximation for angles below abhout 60°.
From this it is seen that the maximum load on an amalgam
wedge is roughly proportional to the square of the wedge angle.
For angles above 60° the true values for maximum load will be
relatively much — and increasingly — higher than the values
calculated from the formula (3).

The size which the deflection of a wedge-shaped amalgam
margin must have in order to lead to breakage can now be com-
puted from (1) by inserting in the formula the values obtained
for p (Table I). It is further assumed that r has a magnitude
of 1 mm, and that the amalgam has a modulus of elasticity of
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1.4 - 103 kp/mm? (for the latter numerical value see Rodriguez
& Dickson, 1962). The resulis of the calculations appear in Table
It and Figure 12.

120
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Fig. 12, Size of the maximum deflection (in g4) of the wedge-shaped amal-
gam margin as affected by the wedge angle (in arc degrees) on
assumptions shown in Table IL
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Table I1

The size of the maximum deflection (in y) of the wedge-shaped amalgam
margin as influenced by the wedge angle (degrees of arc)

Height of wedge 1 mm, modulus of elasticity 1.4.103 kp/mm?2,
tensile strength 8 kp/mm?

Angle of wedge 100

Max. deflection

|
|

As mentioned above, the maximum deflection of the amalgam
wedge indicates the width of the slit between amalgam margin
and cavity wall that is necessary for breakage of the margin
when subjected to loading and deformation. It should be noted
that the magnitude of this critical value (d,,.) Is proportional
to the strength of the amalgam and the depth of the slit between
amalgam filling and cavity wall, and that it is approximalely in-
versely proportional to the marginal angle and the modulus of
elasticity of the amalgam. This relation can he expressed by the
simplified formula

t-r
A, = 240 - — mm, where (4)
E B ‘7

t is the tensile strength in kp/mm?
r is the depth of the slit in mm
E is the modulus of elasticity in kp/mm?2 and

v is the marginal angle in degrees.

With slits of less width than d,,, the amalgam margin will
deform elastically under load (perhaps until contact with the
cavity wall), and after the load is removed the margin will re-
turn to its original shape. After repeated elastic deformations
there is a possibility of fracture due to fatigue. Experiments by
Wilkinson & Haack (1958) have shown that the critical value
for frequently repeated pressures exerted on silver amalgam
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amounts to about one fifth of the static crushing strength. In
view of the low ductility of amalgam it can be assumed with
good approximation that the eritical deformation for frequently
repeated pressure deformations amounts to about one fifth of
the maximum static deformation. If similar conditions exist for
tensile loads, the abovementioned calculations (Tables 1 and 11
for maximum load and deflection must be divided by five lo
give the approximate values for critical load and deformation
for fatique of amalgam. The values obtained by the division
show that below the critical value the material can endure an
indefinite number of loads and deformations without breaking.
Further studies on faligue of amalgam are, however, necessary
before these properties are completely unravelled.

All the considerations contained in this chapter show that a
slit between amalgam and cavity wall is a prerequisite for p-tvpe
fracture of the amalgam margin. The risk of large marginal frac-
tures increases with the depth and the width of the slit and with
decreased strength of the amalgam; low strenglh may cause the
amalgam margin to break, even at relatively slight deformations.
Microfractures (invisible to the naked eye) may occur owing to
poor adaptation of the amalgam to the cavity wall, but are scarce-
ly of clinical inlerest. Macrofractures presuppose a slit with a
depth measurable in tenths of millimeters and a width of several
nmicrons.

The question is whether such slits actually occur.

The answer to this question must be that they definitely do.
The presence of these slits was clearly demonstrated both in
amalgam fillings in extracted teeth observed in the stereomicro-
scope and in sections of such fillings examined in metallographie
microscope. These examinations further established that for oc-
clusal fillings there is a correlation between slits and marginal
fractures which is in good agreement with the theoretical me-
chanical laws oullined in this chapter.

Another question arises, viz. what the causes of such slits are,
and how these causes can be eliminated more or less complelely.
The following sections are devoted to these problems.
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C. CAUSES FOR SLITS BETWEEN AMALGAM FILLINGS
AND CAVITY WALLS

¢ L. Corrosion
Previous studies by Schoonover & Souder (1941) and others,
have shown that corrosion of amalgam fillings consistently oc-
curs on the surfaces enclosed by the cavity walls. The two au-

C

Fig. 13. Appearance of section of amalgam margin, typical of both young

and old fillings in the experimental material of extracted teeth. G (hatched)

represents solid corrosion products. The margin M has bent away from the

cavity wall and is porous due to advanced corrosion. The location of a

possible p-fracture will roughly correspond to the scrrated line. Normally,
the slit between M and E is not filled with corrosion products.
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Fig, 14 Marvginal deflection of oecelusal amalgam filling. Leitz Ullropak. 90 <.

Fig. 15, As Fig. 14,

thors demonstrated the presence ol corrosion producls in Lhese
areas, and found that the corrosion might bhe so far advanced
thal the amalgam had lost most of its strength.

The presenl author has demonstrated that similar corrosion
products were of common oceurrence in a great number of amali-
gam fillings in extracted teeth intentionally crushed (o remove
the (illings. Corrosion products could occur on any filling sur-
Iace, bul as a rule the layers were thickest on lhe sides and
thinnest on Lhe bottom surfaces. Layers up 1o 10--20 4 in thick-
ness were frequent, while layers exceeding 30 u rarely occurred.
Ixumination of the fillings in the slereomicroscope revealed in
nearly all cases the heaviesl corrosion attacks in the murginal
areas.

By comparing slereomicroscopic observations of filling mar-
gins wilth seclions of fillings in extracted teeth, it was very often
possible lo chavacterize the marginal areas morphologically as
shown in Figures 13 20,
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Fig. 16. As Fig. 14. Fig. 17. As Fig. 14.

Fig. 18. As Fig. 14.

26— Acta odont. scand. Vol. 23.
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Fig. 20. Fig. 21.
Fig. 20. Mavginal deflection at the gingival margin of a Class & amalgam
tilling. 90 X.
Fig. 21. As Fig. 14, The V-shaped slit partially filled with crystalline cor-
rosion products, Leitz Opak-illuminator. 90 X.

The characteristic feature of this picture is the deflection of
the filling margin away from the cavity wall. The bend may be
more or less pronounced, but shows a clear tendency to he largest
when the marginal angle is small (occlusal fillings). The resuit
of the deflection is a rather narrow V-shaped slit, the bottom of
which often continues into a narrower slit between filling and
tooth with nearly parallel walls. The V-shaped slit is usually
empty or filled with soft detritus (it may in very rare cases be
filled with hard, crystalline corrosion products, see Figure 21).
The narrower extension, on the other hand, is generally filled
with semi-transparent, crystalline corrosion products. The origi-
nal contour of the amalgam wall in the V-shaped slil has often
been retained. This can be seen because the amalgam surface
reproduces the surface details of the cavity walls. Therefore the
V-shaped slit cannot be a direct result of loss of amalgam by
corrosion, but must be ascribed to a deflection of the margin
away from the cavity wall. In the greal majority of cases the
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Fig. 22, Corrosion porosilices in the nuirginal area of an amalgam filling.
The upper part of the margin is crushed and pressed down into the widest
part of the Voshaped st between filling and tooth. Leitz Ultropak, 90«

margin-destructive fraclures of the p-tyvpe originate in these V-
shaped slits, which accordingly represent un essentinl stage in
the process of fracture.

In explanation of the marginal deflection the following theory
is advanced: Due to the corrosion of the amalgam margin me-
tallic mercury is set free; during the corrosion the amalyam suar-
face against the capity wall is anodic, while the free amalgam
surface is cathodic. The corrosion attacks in particular the y,-
phase (the tin-mercary crystal). The mercury liberated by the
corrosion diffuses into the amalgam from the cavity side causing
this part of the amalgam to expund: the deflection of the amal-
gam margin is « direct result of this uniluteral expansion. For
this special type of expunsion the ferm mercuroscopic expansion
is introduced.

The correctness of this theory is supported by the following
points,

1. Corrosion resulting in loss of substance attacks in prefer-
ence amalgam surfaces enclosed by the cavily walls, The loss of
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Fig. 23 a. Fig. 23 b,

Fig. 23 aw-phase in silver amalgam with a mercury content of 54 % and of
39 9. Leitz Opak-iHuminator. 90 X and 125 X respectively.

substance can be seen directly by mieroscopic inspection of the
amalgam surfuces, which take on a more or less cindery ap-
pearance. The loss of substunce can also be observed on polished
seclions of amalgam margins; porosities, which is an evident
consequence of the corrosion, oceur here especially in the parl
of the amalgam facing the cavity walls (Fig. 22).

2. In amalgam surfaces which have been polished with a rela-
tively mild abrasive (such as diatomaceous earth) the y,-phase
appears as shallow depressions in the otherwise flat surface
(Figure 23). The cause of this is probably the difference in hard-
ness between the three components of the set amalgam (y, is by
far the softest). In a number of the metailographically examined
amalgam fillings it was possible to demonstrate corrosion attacks
with partial loss of substance on the so identified y,-phase. Cor-
rosion with loss of substance could not be shown on either the
y-phase or the y-phase (in specimens prepared as described, the
r-phase often appears as almost black grains when studied by
Leitz Ultropak lechnigue).
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Fig. 24. Fig. 25.
Fig. 24. Grossly corroded amalgam surface in slit between filling and
tooth. Leitz Opak-illuminator. 125 X.

Fig. 25. Crystalline corrosion products on the surface of a cubic amalgam
specimen. Experiment for illustvating formation of concentration cell
element. 8 X.

The finding that the y,-phase is most susceptible to corrosion
is in good agreement with chemical analyses by Schoonover &
Souder (1941) and with various German investigations (see
Wagner, 1962).

It should be added that the structural studies show that the
7,-phase corrosion may penetrate deep into the amalgam, and
if the phase is present in abundant amounts its dissolution wmay
cause all the amalgam to crumble (Figure 24).

3. The corrosion of the amalgam margin is probably due to
formation of a concentration cell, where in particular the oxygen
concentration within the slit may be lower than on the free amal-
gam surface. This will render the walls of the slit anodic, and
the following reaction will take place,

Sn— Snt+ 4 2e, (a)
while the free surface becomes cathodic with the following elec-
trochemical reaction

2H,0 + O, + 2 e~ 4 OH—. )
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o

Fig. 26, Corrosion duc fo the presence of a concentration cell clement be-
tween the free surface of amalgam and the surface against a glass tube. 3 00

11 is scen that removal of the Sn' * tons (inter alia by precipi-
tation as sparingly soluble corrosion produets), increase of the
dilference in oxyvgen tension, and removal of OH- ions will eause
bhoth () and () lo proceed toward the right side.

Corrosion experiments with amalgam where differences in
oxygen lension apparently was the only corrosion-producing face-
tor, were conducted in many different ways in connection with
this invesligation. Some of them will be reported below. The ex-
periments were carried oul in ordinary atmospheric air; when
oxygen was exeluded from amalgam and eleelrolyle no corrosion

could be demonstrated.

(2). Cubic amalgam specimens with an edge length of aboul
6 mm were prepared according lo the manufacturers’ direciions
for the varions alloys and placed on a flat glass plale in a 194
NaCl solution at 377 C. At the end of two weeks a layer of crys-
talline corrosion produets, some hundredlhs mm  thick, had
forimed on the underside of the specimens (Figure 25). Arcas
between the corrosion produels showed clear signs of dissolu-
tion.
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(b). Amalgam specimens prepared as under (a) were definite-
ly corroded in porosities and other surface irregularities on the
faces not in contact with the glass plate.

(¢). Specimens of amalgam condensed in glass tubes (inside
diameter 6 mm, length 15 mm) showed after two months in a
1 % NaCl solution at 37° considerable amounts of corrosion de-
posits on the outer surface of the amalgam margin (Figure 26).
The amalgam showed clear traces of solution in the slit between
glass tube and amalgam, which in this case represented the anode
in the cell. Although the amalgam displayed great expansion (de-
layed expansion} the electrolyte was able to penetrate between
amalgam and glass tube owing to the poor adaptability of the
amalgam with an R, value of 3—5 u (cf. Jgrgensen, 1964).

(d). Wedge-shaped amalgam specimens were painted on one
side with cellulose varnish or silicone grease and placed at 37° C
ina 1% or5 % NaCl solution. The wedges were roughly 10 mm
in length and 5 mm in width, and the angle of the wedge varied
between about 5° and 30°. The specimens were made from cy-
lindrical test specimens of different alloys and produced under
widely different condensing pressures. After some months, all
the wedges showed voluminous deposits of corrosion products
on the painted surface, while no or little corrosion was evident
on the unpainted sides (Figure 27 a).

(e). Amalgam fillings prepared in extracted teeth and stored
for several months in a 1 % NaCl solution at 37° showed forma-
tion of corrosion products partly in the slit between tooth and
filling, partly along the margin of the filling on its free surface.
Probably the precipitation of corrosion products on the free sur-
face of the amalgam margin in the laboratory test will in time
alter the oxygen tension in such a way that it no longer corre-
sponds to the conditions around the amalgam margin in the oral
cavity, where corrosion products deposited on the free filling
surfaces are likely to be removed.

4. Liberation of metallic mercury due to corrosion can be de-
monstrated experimentally e.g. in the following ways,

(a). When amalgam is brought into contact with a plate of
dental gold alloy in a 1 % NaCl solution (the experiments were
made at 37° C) a very severe corrosion occurs, which after a
few days results in formation of substantial amounts of corro-
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Fig. 27 a. g, 27 b.

Fig. 27 a. Corrosion products on amalgam wedge, which had the left side
covered with silicone grease during the corrosion test. Note the large
deffection. 10 X.

Fig. 27 b. Marginal deflection of amalgam wedge aftee corrosion test. Left
side covered with varnish during the test. 10«

Fig. 8. Fig. 29.

Fig, 28. Gold plate with corrosion produets and central discoloration by
mercury liberated by the amalgam corrosion. 4 X.
Fig. 29, Free mercury drops on the surface of corroding amalgam

specimen. 1700 %,
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sion products (Figure 28), at the same time as the gold plate is
contaminated by mercury in the area which was in contaet with
the amalgam. The mercury contamination can be recognized by
a discoloration of intense metalwhite. The presence of mercury
in the gold plate can also be demonstrated by conventional ana-
lytic methods. This experiment was already described by Schoo-
nover & Souder (1941).

(b). Occasionally the surface of amalgam specimens cor-
roding in a NaCl solution at 37° C exhibits, in addilion to the
loose powderlike corrosion products, minute drops of mercury
(Figure 29). The phenomenon apparently occurs when smuall
areas of the amalgam are isolated from the remaining speecimen
by the corrosion products. That we are not dealing with chemi-
cally pure mercury is evidenced by crystallization of the drops
when the specimens are placed in air after the corrosion test to
allow excess mercury to evaporate.

(¢). In laboratory corrosion tests certain amalgam types made
with coarse-grained alloy show a strong tendency to form nu-
merous small corrosion elements. The surface of such an amal-
gawm is for the greater part covered with a powderish layer of
corrosion products, perforated by nunierous small spots of ir-
regular wmetal drops, which may be up to ahout one tenth of a
millimeter (cf. Figure 34 and the foot-note p. 373). Under the
given conditions the metal drops must consist of mercury with
dissolved alloy components. Probably the mercury has been liber-
ated so fast by the corrosion that it has not had time to diffuse
into the specimen. If the corrosion experiment is interrupted by
placing the amalgam in air the drops will disappear within a
few days.

5. It can often be shown that those parts of an amalgam filling
which are immediately adjacent to the corroding areas are rela-
tively rich in mercury. In this experiment a section was made
through amalgam filling and tooth, and the surface of the sec-
tion was then polished. By slow heating of the amalgam through
the temperature range 50--70° C it was sometimes possible to
localize the areas with the highest mercury content, because they
are the first to exude mercury {(Figure 30). Inspection of the
amalgam surfaces must take place at intervals not exceeding one
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Fig. 30, Drops of free mercary along the margin of a section through a
corroded amalgam filling. 90 x.

minute in order to ensure sufficient differentintion between
areas with higher and with lower mercury conlent. Examination
of amalgam fillings treated in this way shows that the concen-
tration of mercury becomes lower with increased distance from
the corroding areas. It has not been possible to explain these
observations except by diffusion of mereury from the altacked
areas into the adjscent amalgam.

6. Mercuroscopic expansion of amalgam has been demonstral-
ed by Mitchell et al. (1955); the expansion after 15 days at 377 C
was of the order of Y% | ¢. Milchell's experiment has been
repeated hy the present author, though with a longer experi-
mental period and with different alloy brands. A few results of
these tests are graphed in Figure 31.

7. The following ealculation gives a good approximale expres-
ston of the size of the deflection displayed by the amalgam mar-
gin as a result of the mercuroscopic expansion. In Figure 32
ABCG is a schematic representation of the amalgam muargin in-
scribed in a cirele with its center in C. AB is the cavity-facing
surface along which corrosion takes place; BC is the free sur-
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Fig. 31. Example of mercuroscopic expansion of amalgam. Cylindrical amal-

gam specimens, several months old, were moistened with mercury and their

increase in length measured at proper time intervals, Specimen No. 9 had

absorbed all the merceury at the end of approx. 12 days but was moistened

again after 21 days. For a few specimens it could be shown that the mer-

curoscopic expansion amounted {o about 5 % per 1 pereentage weight of
absorbed mercury.

face of the amalgam wargin, and v is the marginal angle. By
the mercuroscopic expansion AB is extended to AB’, and point
B is shifted Lo B’; no change occurs in the dimension of BC, it
merely gets another position B’C. In the diagram, AA’ is a meas-
ure of the maximum width of the slit resulting from the expan-
sion. If it is assumed that AB" = A’B’ (which can be done with-
out introducing any appreciable error), then AA’ = d-—c. This
expression can be computed from the formulas given in the fig-
ure when the values for a, v, and the percentage mercuroscopic
expansion are known (b =a - the expansion). The results of
such calculations are shown in Table 111, where a is 1000 ». With
lower or higher values of a, the width of the slit becomes corre-
spondingly smaller or larger. Figure 33 illustrates diagrammati-
cally the dependence of the width of the slit upon the muarginal
angle when a is 1000 x and the expansion 1 %.
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AB=a
A'B'=b
AC=c
AC-=d

Fig. 32, Mercuroscopically expanding amalgam margin, see text p.
370--371.

The poinl of these calculations is that, based on acceptable
assumptions, the widths found (or the slit will be of the sume
order of magnitude as those seen along amalgam fillings; or in
other words, the bend of the amalgam margins can bhe under-
stood and explained not only qualitalively, but also quantitative-
Iy, by assuming conditions which must be considered to prevail
in the environment under study.

8. The marginal deflection produced by corrosion can he
copied experimentally by means of the wedge-shaped specimens
described in section 3 d. After some months’ immersion in a 1 %
or 5 9% NaCl solution at 37° C, the majority of the specimens
showed a macroscopic deflection away from the painted wedge
surface, where the corrosion was most intense (Figure 27). The
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bend was most pronounced in specimens with a small wedge
angle®).
Table 111

Marimum widlh of slit in y f[or varicus mercuroscopic evpansion

values and marginal angles

Depth of slit 1000 4

Exp. % e | 15 B0e | 4 | 600 | 75
0.1 5.7 3.6 1.7 1.0 0.6 0.1
0.2 11.7 7.4 3.5 2.0 1.2 0.3
0.5 31.1 19.2 8.8 5.0 3.0 11
1.0 714 104 17.6 10.1 5.8 2.4

The marginal bend could also be demonstrated in the follow-
ing way: Amalgam fillings were prepared in giass tubes with
closed bottoms and with the upper end faces ground plane. In the
inside edge of the open end of the gluss tube & number of small
facets were ground. They were filled with amalgam {ogelher
with the remaining part of the tube. Twenty-four hours after
preparation, the free surface of the amalgam was ground flush
with the end face of the glass tube, so that wedge-shaped amal-
gam margins were obtained corresponding to the facets with a
wedge angle of approx. 15—30°. The specimens were then placed
in a 1 % NaCl solution at 37° C. After some months an unmis-
takable upward bend of a number of the amalgam wedges could
be demonstrated on simple inspection (Figure 35). However, the
experiments did not always give this result, apparently because
the wedges within a relatively short time weve covered with cor-
rosion products, so that differences in oxygen tension between
the upper and the lower wedge surfaces were likely to be con-
siderably reduced. It is supposed to be for the same reason that

#) One of the alloys used in the experiments showed in a lightly con-
densed state a strong tendency toward localized corrosion (pitting) in
numerous point-shaped arcas of the unpainted surface of the wedge-shaped
specimen. The corrosion appeared as small blisters and nodules, which
grew out on the surface together with droplets of mercury (Fig. 34). All
these specimens showed marginal deflection away from this grossly cor-
roded surface and toward the painted side.
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Fig. 33. The marginal angle plotted against maximum width of the slil (in )
resulting from mercuroscopic expansion. It is assumed that the depth of The
shil is 1 omm and that the expansion ix 1%,

sintilar experiments with amalgam fillings in extracled teeth
faited 1o give clear marginal deflections. In lhe mouth, corro-

sion products on the free filling surfaces will as pointed outl
in section 3¢ - in all probability be removed so thal concen-

lration cell corrosion ean go on.

9. Sludies of the mereury content in amalgam fillings, which
were conducted in the author’s department and are lo be pub-
lished Iater, have definilely shown that the mercury content in
the marginal areas often is much higher than in the vemaining
part of the filling. Further, it was found that relatively mercury-
rich areas of an amalgam filling arve anodie Lo aveas wilh refa-
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Fig. 34. Point-shaped corrosion (pitting) of amalgam surface with drops of
mercury set free by the corrosion. 80 x.

tively low mercury content. This latter condition was demon-
strated by placing amalgam specimens prepared by hand con-
densation, but without removal of excess mercury, in a 1 % NaCl
solution at 37° C for about 14 days. The last condensed, most
mercury-rich parts of the specimens were in all cases covered
with a thick layer of corrosion products, while the other part
with less mercury showed no signs of corrosion*) (Figure 36).

From these conditions it can be deduced that relatively poor
condensation of the marginal areas of an amalgam filling will
lead to accelerated corrosion along its margins. The amount of
mercury set free by the corrosion will probably be exceptionally
large owing to the high mercury content in the corroding mar-
ginal area; therefore an increased miercuroscopic expansion can
also be expected. To this must be added the low crushing strength
of the mercury-rich areas, so that these, all in all, will be much
less durable in the oral environment than well-condensed amal-

#) Surface defects duce to improper condensation of the specimen will
give risce to a relatively severe corrosion in the defective areas. If this type
of corrosion is present it may interfere with the corrosion caused by dif-
ference in mercury concentration.
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[Ty, 3. Fig. 36,
Fig. 35, Amalgam mavgin deformed by corrosion. 10 x.

Fig. 36. Corrosion experiment with amalgam with uneven mereory distri-

bution. The upper end with most merveury is anodic and presents gross

corrosion; the remaining part of the amalgam is cathodic and free from
corrosion, 12 >

gant margins. The agreement between on one hand this deduc-
tion, and on the other hand experience in practice and invesliga-
tions by Nadal and co-workers (1961) tends to support the theo-
rv of mercuroscopic deformation of the margin,

In this connection atlention is also called to the condition
shown by pholomicrographs in Figure 23, viz. that high mercury
content in amalgams will increase the facility of communication
between the y,-phase crystals, and hence the risk of deep corro-
sion.

10. In spite of thorough consideration and experiments it has
not been possible to explain the marginal deformation of amal-
gam fillings otherwise than by lhe mercuroscopic expansion,
which again is a rvesult of corrosion. Fischer & Mertensmeier
(19571 suggesl that the marginal deformation is due to thrust
of corrosion products. The observations made hy the present
awlhor show, however, that the slit between the cavity wall and
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the deformed margin is nearly always empty, and that hard
corrosion products occurred only at a greater distance from the
amalgam margin (cf. Figure 13).

Extensive experiments have been made to examine whether
the following explanation would account for the deformed mar-
gin: When an amalgam filling is cooled in the mouth it will
shrink more than the tooth, and a slit will form between filling
and tooth. Saliva containing various solid particles will be drawn
into this slit. On reheating of the filling to mouth temperature
the solid particles may be caught between filling and tooth, and
exert a pressure on the filling. If frequently repeated, this proc-
ess might cause the margin to deform.

This hypothesis was tested by subjecting amalgam fillings to
temperature changes. For example, freshly prepared amalgam
fillings in teeth or in small glass tubes were pluced alternately
in liquids at temperatures of approx. 15° and 55° C for periods
of about 15 seconds. The liquids were paratfin oil, distilled water,
or 1 % NaCl solution, which were used either pure or with a
content of suspended fine powder of zinc oxide and zirconium
oxide. Each experimental series ran for about two weeks, but
revealed in no case slits or deformations of the type met with
in clinical amalgam fillings. Besides, the mere fact that the V-
shaped slits — as pointed out above in connection with Fischer
& Mertensmeier’s suggestion are usually empty, shows that
their formation cannot be explained on the basis of entrapped
particles.

Nor could any of the tollowing factors, when closely studied,
be accepted as the cause for marginal deformation: food impac-
tion between amalgam margin and cavity wall, plastic deforma-
tion of the amalgam margin under pressure or tensile load, arti-
fact resulting from e.g. exiraction of the tooth, drying up or
other changes of tooth and/or amalgam after the extraction. Still
other possibilities have been considered, but have all had to be
rejected.

II. Delayed expansion

It is well known from previous studies (Schoonover and co-
workers, 1942; Holst & Jgrgensen, 1963) that delayed expansion
may produce marked dimensional changes in silver amalgam.

27 — Actu odont. scand. Vol. 23.
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Fig. 37. Marginal discrepancy of amalgam margin as a result of delayed
expansion. Any marginal fracture of the p-type will oceur roughly cor-
responding to the serrated line.

The consequences of this expansion in terms of marginal preci-
ston were studied on about 50 experimental fillings in extracted
teeth. The fillings were prepared from an alloy with 2 % Zn,
and they were contaminated with a 1 9% NaCl solution. Teeth
wilh fillings were stored in a 1 % NaCl solution at 37° C for 3
24 months and then studied under the microseope. It was found
that the marginal defects could be referred to two principal
types, a and b, Figure 37. Type a occurred whenever the cavity
wall and the expansion direction of the amalgam out of the cavi-
ty were pavallel or convergent, while type b occurred in connec-
tion with divergence of cavity wall and expansion direction. Both
types were observed in ocelusal as well as peripheral fillings.

Loading of the margins resulted in lines of fracture as shown
in Figure 37. It seems obvious that the b-fracture leads to poorer
hygienic conditions along the amalgam margin than the a-frac-
{ure, which leaves the cavily area intact.

Of the two types of margin b was by far the commoner, prob-
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Fig. 38. Delayed expansion in glass tubes with smooth and rough inside
walls respectively. The tubes were open at bhoth ends, and their internal
dimensions were 15 X 6 mm.

ably because it is difficult to prepare cavities without a slighl
divergence of the walls toward the marginal areas.

Delayed expansion tests in glass tubes showed that smooth
tubes give a much higher expansion than tubes roughened inside
betore they are filled with amalgam (Figure 38).

ITL. Faulty condensation

In the final condensation of amalgam fillings the areas al-
ready condensed 1may rather easily be displaced. Three examples
in Figure 39 show how such displacement may give rise to slits
of quite appreciable size between cavity and condensed filling:
a) is a Class I filling in an upper molar; the condenser, ¢, is
forcing the amalgam out into the lingual extension, so that slils
as indicated by the dotted lines, s, are apt to occur. b) represents
a Class I filling in a lower molar, where the condenser is press-
ing the amalgam through an isthmus toward a wider space ol
the cavity; the consequent shifting of the amalgam already in
place will give a slit at s. ¢) shows the contour of a proximo-
occlusal filling seen from the occlusal surface. Insufficient ma-
trix application may easily result in outward displacement of
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a b. c

Fig. 39. Examples of displacement of amalgam in different type of cavities

under vertical pressure by the condenser c¢. The amalgam is displaced e. g.

in the direction of the arrow, so that slits corresponding to the areas s may
occur between cavity wall and already condensed amalgam.

the amalgam into the interproximal space, and slits al s will
ensue.

The tendency to formation of this type of slits is evidenced
partly by experiments where amalgam fillings were made in ex-
tracled teeth, partly by the relatively high incidence of slits and
marginal fraclures in the abovementioned parts of extracted
teelth containing amalgam fillings. Quite often will the margins
break already on polishing of the vulnerable areas.

1V. Plasticity (flow)

Inspection of proximo-ocelusal fillings in extracted teeth some-
times shows that the proximal parts of the fillings have been
pressed somewhat outward in the proximal direction, at the same
time as the marginal ridge area seems to have been pressed some-
whal downward in the gingival direction. Possibly these defor-
mations are due to plasticity of the amalgam under the masti-
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catory load. On the other hand, the phenomenon may be the re-
sult of delayed expansion, which initially has pushed the filling
outward into the interproximal space with subsequent deforma-
tion of its marginal ridge area by pressure (a reliable diagnosis
of delayed expansion can hardly be made, since both internal
porosities and surface blisters may be attributed to other causes).
Anyhow, the displacement of the fillings has often led to slits
along the filling margins of such a width that the amalgam mar-
gins would break under the load of e.g. a blunt explorer.

V. Marginal excess

Morphologically, marginal excess falls into two types, a and
b, as illustrated in Figure 40. Neither type is fundamentally dif-
ferent from an amalgam margin without excess; both can cor-
rode, deform and break as described in section 1. It is not likely,
on the other hand, that mnarginal excess can be the primary factor
in formation of slits between amalgam and tooth which will
predispose to marginal fracture.

a b

Fig. 40. The two main types of marginal excess. Type a) leads directly to
poor hygienic conditions, while type b) becomes unhygienic after a fracture.
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It is possible that thermal contraction of amalgam fillings
with marginal excess may result in a t-type fracture in the ex-
cess malerial it the filling is pulled downward during the con-
traction. Then the marginal excess cannol be pulled down into
the cavity, but will either deform or hreak. Opverdiek (1962 has
demonstrated chipping of marginal excess after numerous tewm-
peratlure changes.

V1. Enamel fracture

On the basis of examination of extracted teeth with amalgam
fillings and of sections of amalgam margins, it must be concluded
that enamel fraclures are relalively infrequent. 'The great majori-
v of defects involved the amalgam margins, while the eavity mar-
gins were intact. Therefore, since enamel fracture only exeep-
tionally is the cause of unsupported and broken amalgam mar-
gins, it will not be considered here.

VI1I. Caries

In the malerial investigated no instance of caries was found
which had started under an intacl amalgam margin, Fracture
of the amalgam margin scems to be the primary condition, while
caries appears to be a secondary phenomenon in the environment
produced by the marginal fracture. This sequence of evenls was
clearly revealed by comparison belween amalgam fillings in firsl
molars of differenl age which formed a part of the material
studied.

In conclusion it should be mentioned thal according to the
author's impression corrosion is by far the mosl important of
the abovementioned causes for large slits between cavily walls
and filling margins. As il is nol always possible 1o distinguish
between e individual causes for the marginal slils, and as sev-
eral faclors may undoubtfedly operate at the same time, no exacl
statistical analysis of these factors has been allempted. Next to
corrosion, delayed expansion and faully condensation probably
play a significant role, while other factors seem to be ol little
importance.
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D. DISCUSSION

It is too early to draw far-reaching conclusions with regard
to the amalgam properties and technique which would eliminate,
to the greatest possible extent, the abovementioned causes for
marginal destructions. The causes grouped in sections IL-—VII
will not be discussed here, because they are already relatively
well known and because it often is obvious how they can be re-
duced or eliminated. There may, however, be reason to make
the following suggestions for reduction of the tendency to mar-
ginal corrosion.

Since marginal corrosion obviously is a question of formation
of a concentration cell, it follows that this corrosion can be con-
trolled by excluding the electrolyte (the saliva) from the sur-
face of the amalgam margin facing the cavity. To achieve this
it is necessary, among other things, 1) that the amalgam has com-
plete adaptability, 2) that the amalgam neither expands nor con-
tracts during hardening, and 3) that the amalgam does not
change dimensionally over a long period owing to e.g. thermal
expansion, mechanical deformation, or delayed expansion. None
of these requirements can be fulfilled (except perhaps the last-
mentioned). Nevertheless, the nearer these aims are attained, the
slower will the corrosion probably advance.

Good adaptability with R, values of approx. (.5 u (see Jgrgen-
sen, 1964) means that the areas where saliva can penetrate be-
fween amalgam and cavity wall are relatively small, while poor
adaptability has the opposite effect. Similarly, there is doubt-
less a certain correlation between the degree of corrosion and
the other slit-producing factors.

Cavity shape and surface roughness of the cavity walls are
important in determining whether a tendency of the amalgam
toward dimensional change will be manifested to a higher or
lesser degree, by formation of a marginal slit for example. In
this connection it should be emphasized that in itself, the width
of the slit has scarcely much influence upon the rate of corro-
sion. The average current necessary for producing quite a severe
corrosion, e.g. with dissolution of 1 mg of tin per year, is only
of the order of a few hundredths microampere. It is the alter-
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native, slit or no slit, electrolyte or no electrolyte, that is deci-
sive. )

To reduce lhe degree of corrosion it must also be remembered
that the residual mercury content must not be higher in the mar-
gin than in the bulk of the tilling. Exactly how this can be ac-
complished is neither known for ocelusal nor for peripheral fill-
ings.

The size of the marginal angle of the amalgam filling has
influence on the marginal deflection produced by the mercuro-
scopic expansion. The marginal angle will also influence the
strength and flexibility of the margin. Since the mercuroscopic
deflection is greatly reduced with increasing values for the mar-
ginal angle and is zero at 909, a marginal angle as close as pos-
sible to this value must no doubt be preferable.

SUMMARY

It is the purpose of the present study to analyze the compli-
ated mechanism which leads to fracture of the margins of amal-
gam fillings.

Section A contains a short deseription of the two main types
of fracture, viz. the pressure fracture and the tensile fracture,
of which the former is much more common than the latter; the
pressure fracture is the one which causes the most unhygienic
conditions.

In section B mathematical formulas are presented by means
of which it is possible to calculate the maximum strength and
deflexion of the amalgam margins under static load. Caleula-
tions have been made of the strength of amalgam margins and
of the critical width of the slit between amalgam margin and
cavily wall, i.e. the width which is necessary for the fracture
of the margin.

In section C an analysis is made of the reasons why such slits
an oceur belween amalgam margin and cavity wall that lead
to fractures visible to the unaided eye.

As an essential (probably the most essential) reason is men-
tioned corrosion with resulting mercuroscopic expansion: the
amalgam surface facing the cavity wall acts as an anode in a
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concentration cell element, where the cathode is the free sur-
face of the filling. Due to the anodic corrosion metallic mercury
is set free; the mercury diffuses into the amalgam from the cavi-
ty side and causes a unilateral expansion of the wedge-shaped
amalgam margin, which bends away {from the supporting cavity
wall.

Other reasons for formation of slits are in order of impor-
tance: delayed expansion, condensing failures, plastic deforma-
tion (flow), marginal excess, enamel fracture, and caries. Among
these probably only delayed expansion and condensing failures
can be classified as essential.

In section D is discussed which factors may be of significance
for reducing the mercuroscopic marginal deflexion. These fac-
tors can be classified as follows,

1) Oimission of electrolyte from the interface between amalgam
and tooth. This can be attained only in part, namely by aiming
at the greatest possible adaptability, the smallest possible set-
ting expansion or contraction, a certain degree of roughness of
the cavity wall not yet precisely definable, the greatest possible
parallelism between opposite cavity walls, and omission of de-
layed expansion; the greatest possible strength of amalgam will
probably also improve the stability between filling and tooth.
2) Reduction of the mercury content in the margins to a mini-
mum and to the same value as in the bulk of the filling.

3) The angle of the margin of the filling should be as great as
possible.

RESUME

LA MECANISME DES FRACTURES MARGINALES DES OBTURATIONS
D’AMALGAME

La présente étude se propose d’analyser le mécanisme com-
plexe aboutissant a la fracture des bords des obturations d’amal-
game.

La partie A contient une courte description des deux types
principaux de fracture, a savoir la fracture par pression et la
fracture par traction cette derniére étant beaucoup moins fré-
quente que la premiére; la fracture par pression est celle dont
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découlent les conditions les plus défectueuses du point de vue
hygiénique.

Dans la partie B sont présentées des formules mathématiques
perutellant de caleuler la résistance maximum et la déformation
des bords d’amalgame sous I'action d’une charge statique. La ré-
sistance des bords d’amalgame et la largeur critique de la fente
formée par le bord d’amalgame et la paroi de la cavité, c’est-a-
dire la largeur nécessaire pour ue se produise la fracture du
bord, ont éié caleuldes.

Dans la partie € esl présentée une analyse des raisons pour
lesquelles de telles fentes peuvent se produire entre le bord
d’amalgame et la parol de la cavité, déterminant des fractures
visibles a Peeil nu.

Une raison essentielle (probablement la plus essentielle) men-
tionnée est la corrosion dont résulte une expansion mercurosco-
pique: la surface d’amalgame tournée vers la paroi de la eavilé
se comporte comme une anode dans une pile 4 concentrations
différentes dont la cathode serait la surface libre de 'obturation.
En raison de la corrosion anodique, du mercure métallique est
libéré; le mercure diffuse dans I'amalgame a partir de la face
tournéde vers la cavité et provoque une expansion unilatérale du
bord cunéiforme de Pamalgame qui se plie et s’¢earte de Ta paroi
de la cavité le soutenant.

D’autres raisons provoquant la formation de fenies sonl par
ordre d’importance: expansion tardive, défauts de condensation,
déformations plastiques ("flow”), exces au niveau des bords,
fractures de 'émail et caries. Parmi ces raisons, seuls les défauts
de condensation et expansion tfardive peuvent ¢élre classés purmi
les causes essentielles.

Dans la partie D, 'auteur présente une discussion sur les fac-
teurs pouvant présenter une signification pour réduire la défor-
mation marginale mercuroscopique. Ces facteurs peuvent clre
classés de la maniére suivante:

1) Suppression de électrolyte au niveau de Pespace formé par
les faces en regard de Pamalgame et de la dent. Ceci ne peut ¢tre
atteint que partiellement, en s’efforcant d’obtenir la plus grande
adapiabilit¢ possible, le plus petit changement possible de dimen-
sions par contraction et par dilatation & la prise, un certain degré
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de rugosité de la paroi de la cavité, degré ne pouvant encore étre
défini de facon précise, le plus grand parallélisme possible entre
les parois de la cavité opposcées, et 'absence d’expansion tardive;
la plus grande résistance possible de l'amalgame améliorerait
aussi probablement la stabilité entre 'obturation et la dent.

2) Réduction de la teneur en mercure des bords a la plus petite
‘aleur possible, et 4 la méme valeur que dans la masse de I'ob-
turation.

3) L’angle du bord de I'obturation doit étre aussi grand que pos-
sible.

ZUSAMMENFASSUNG
DIE KANTENFRAKTUR VON AMALGAMFULLUNGEN

Die vorliegende Untersuchung bezweckt eine Analyse des kom-
plizierten Mechanismus, der die Fraktur der Kanten von Amal-
gamfiuillungen bewirkt.

Abschnitt A behandelt in Kiirze die beiden Fraktur-Haupt-
typen, die Druckfraktur und die Zugfraktur, von denen die er-
stere dominierend und auch diejenige ist, die die (uantitativ
schlechtesten hygienischen Verhiltnisse zur Folge hat.

Abschnitt B enthalt mathematische Formeln, die die Berech-
nung der maximalen Festigkeit und der Deforinierung von Amal-
gamkanten bei statischer Belastung ermdglichen. Es sind Berech-
nungen angestellt worden iiber die Kantenfestigkeit und iiber die
kritische Spaltbreite zwischen Amalgamkante und Kavititen-
wand, d.h. die Spaltbreite, die erforderlich ist, um eine Fraktur
der Kante herbeizufiuthren.

In Abschnitt C ist eine Analyse der Ursachen dessen enthalten,
dass Spalten einer solchen Grosse zwischen Amalgamkante und
Kavititenwand entstehen, dass makroskopisch sichtbare Briiche
entstehen koénnen.

Als wesentliche (wahrscheinlich weitaus wesentlichste) Ur-
sache wird Korrosion mit daraus sich ergebender merkurosko-
pischer Expansion angefiihrt: die Amalgamfliche, die der Kavi-
tatenwand zugewendet ist, fungiert als Anode in einem Konzen-
trationszellenelement, dessen Kathode die freie Oberfliche der
Fiilllung ist. Durch die anodische Korrosion wird u.a. melaili-
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sches Quecksilber frei; dieses diffundiert von der Kavitdlenseite
in das Amalgam und bewirkt eine einseitige Expansion in der
keilformigen Amalgamkante, die von der unterstittzenden Kavi-
tatenwand weggebogen wird.

Als andere Ursachen zur Bildung von Spalten der angefiihr-
len Grossenordnung werden genannt: verzégerte Expansion, Kon-
densierungsfehler, plastische Deformierung, marginaler Uber-
schuss, Schmelzfraktur und Karies. Von diesen letztgenannten
Ursachen sind vermutlich nur die verzdgerte Expansion und
Kondensierungstehler wesentlich.

In Abschnitt D wird erortert, welche Fakloren fiir die mer-
kuroskopische Kantenabbiegung Bedeutung haben kénnen. Diese
Fuaktoren lassen sich folgendermassen klassifizieren:

1. Vermeidung von Elektrolyt an der Grenzfliche zwischen Amal-
gam und Zahn. Dieses Ziel lisst sich nuor teilweise erreichen,
und zwar durch Anstreben grosstmoglicher Adaptabilitit, kleinst-
moglicher Abbindungsexpansion oder -konlraktion, einen be-
stimmten, noch nicht naher definierten Grad der Rauhigkeit in
der Kavititenwand, grosstmdigliche Parallelitit zwischen gegen-
iiberstehenden Kavititenwiinden und Vermeidung verzigerter
Expuansion; griosstmogliche Amalgamfestigkeit wirkt sich sicher
chenfalls tordernd auf die Stabilildat zwischen Fiilllung und Zahn
aus.

2. Reduktion des Quecksilbergehalts in den Amalgamkanten auf
ein Minimum und auf den gleichen Wert wic in der Fillungs-
masse.

3. Der Kantenwinkel der Fallungen muss so gross wie moglich

sein.
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