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Numerous studies (Schoonover & Souder, 1941 ; W'agner, 1962 ; Jmgensen, 
1965; Guthrow et ul., 1967; I(3selova et al., 1968) have denionstrated 
uricpestioiia1)ly that the corrosion of dental standard amalgams is characterized 
hy an  anodic attack on tlie y a  Iiliase of the amalgams. This corrosion releases 
the y z  phase tin in the form of tin ions, the mercury heing released as metallic 
mercury aiitl absorbed hy the y arid y1 phase of' the amalgam. The tin ions 
are often deposited as solid products of corrosion on the surface of the 
amalgam arid can thus in oral coriditioris give rise to unfortunate hygienic 
consequences on t he surface of the filling (qieriferal surface corrosion))) 
with gingival implications ; t lie absorbed mercury can cause the edges of 
the amalgani filling to bend, thus becoming unsupported anti subject I o 

possible fracture (Jmgcnsen, 1965). The corrosion of the ya phase is thus 
a major - possibly the priricipal -- came of the failure of amalgam fillings. 

If the y a  grains do not anastomose through the amalgam, their corrosion 
must lialt %-hen all the surface grains have dissolved; at the same time the 
destructive effects of corrosion will cease. Conversely, if the y z  grains (lo 
anastomose, it will he possible for corrosion to continue deep into the amalgam 
-- and tlie destructive effects of the corrosion will correspondingly be more 
widespread. The purpose of the present work has heen to study the degree 
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Chemistry of the corrosion process. In a series of preliminary experiments 
specimens with their bases ground plane were placed on flat glass plates 
in a solution of 1 yo NaCl at a temperature of 37" C ;  in addition the solution 
contained a small quantity of phenolphthalein. It is assumed that under 
these conditions the oxygen concentration on the bases of the specimens 
was lower than on the free surfaces. In some experiments any difference in 
oxygen concentration on the surface of the specimens was eliminated, either 
by using an oxygen-free NaCl solution or by suspending the specimens in 
the gelatinized electrolyte solution. The speciniens were removed from the 
electrolyte solutions after 4-8 weeks and investigated immediately. 

Metallographic analysis of serial sections of amalgam. Only one of the 
brands from Group A (True Dentalloy*) was used in  this experiment. One 
specimen was made according to the standard method (final mercury content 
47 %) and one was given a much greater mercury content (58 yo). After 
several days the specimens were invested in Palatal** and ground under 
cold wat.er parallel with their longitudinal axis. The amalgam surfaces, 
which measured 5 x 10 mm, were then polished with diamond paste A 
(approx. 7-15 p) and fine-grained, precipitated diatomite. After the polishing 
process a central area of each specimen was photographed, enlarged linearly 
approximately 70 times. Polishing and photographing of the same area was 
repealed 15 times. Each time polishing was carried out a layer ca. 1 p thick 
was removed from the amalgam. When the photographic negatives were 
printed they were enlarged 5 times. Thus the total enlargement of the 
photographs was 350 times. 

Selective dissolution of the y a  phase in sodium citrate. Twelve cylindrical 
specimens of all standard brands and of Dispersalloy 400 were made according 
to the general method described in the foregoing; the diameter and height 
of the specimens was 5 mrn. The specimens were thoroughly subjected to 
vacuum at a residual pressure of 2 Torr in demineralized water in order to 
eliminate air from any surface defects; specimens were then placed in 
crystallizing dishes with 250 ml of a 10 % sodium citrate solution at, a 
temperature of 37" C, with their base surfaces resting on a flat glass plate. 
Each dish contained only two specimens; five dishes containiag specimens 
were allotted to each brand; the remaining two specimens were used for 
control. Throughout the course of the experiment the level of the solution 
in the dishes was kept constant by the addition of demineralized water. 
The thermostat cabinet used in the experiment was kept. free of dust. The 
samples were removed from the citrate solution after 2, 4, 8, 16 and 32 weeks, 

* S. S. White Dental Mfg. Co. (G. B.) Ltd., London. 
** Badische Anilin- & Soda-Fabrik AG., Ludwigshafen a. R., Western Germany. 



Fig. 1. hl(vsurcrnent o l  1111. tlcpth to which the ;ln phnsr has dissolved in thc  sodium citratv 
+1)111tion. T h e   nil t r ; rne\crs~ line of t h e  ocular s i~dr  is flush M i t h  the pcrifvral pnrt of th r  f'ir.1 

) I ,  p a i r 1  Crotii t h c  sldact. of t h c  specimen. .( J 1.3. 
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Fig. 2. Crystallinc products of corrcsion on the surface of an amalgani. Y 40. 

was o1)scrvetl around the free surfaces of the specimens. After termination 
of the experimental period it was observed that all base surfa(*es were ex- 
tensively covered by solid corrosion products diicli  were as a rule clearly 
crystalline (Fig. 2). The metallic hasc surface sometimes visi1)le between 
tlie tieposited corrosion producl s was not as a rule discoloured. The side 
arid top surfaxs of the specimens sliowed no or only few traces of deposit.eJ 
corrosion proelricl s ; on tlic other hand these surfaces were frequently darlily 
cliscolourecl. 

Ametallograpliic study of relief-polished, unetched sections of tlie specimens 
demonstrated in every instance a selective dissolution of the  y z  phase of 
the amalgams (Fig. 3)  to a depth that was to a certain extent proportional 
to the duration of tlie period of corrosion but independent of brand, provided 
that the brand complied with the composition requircments of F.D.I. Specifi- 
cation no. 1. Dissolution of the y2  phase had taken place almost exclusively 
in the base area of the specimen cylinders. Dissolution of the y 2  phase on 
side arid top surfaces had occurred only in connection with local, relatively 
rare instances of porosity (Fig. 4). There was thus a good degree of conformity 
between the localization of deposited corrosion products and the dissolution 
of the y 2  phase. 

Local porosity occurred more frequently in zinc-free amalgams than in 
amalgams containing zinc. One of the pre-amalgamated brands also produced 



I'ig. 3 .  Svrtioii of ;in arrialgarri specimen after a corrosion test in a 1 ?;, NaCl solution: t h r  ; t2  

phase in the snrface layer has dissolved. x 160. 

more proi is  specimens than h a n d s  mhich were not pre-arnalgarnatd m t l  

whic Ii  mntained zinc. A study of the structure revealed that this gre,ittxr 
i Ityq-ev of porosity was caused by locally inferior amalpanlation of the c t l l o \  
1m-t iclei. I I ~ c ~ c h t - U ( ~ r , q m  & Loebich (1934) also clerrionstr~tctl tlir signific,iricLr 
of t tit, [wrosit y of the anialpani for anodic corrosion. 

If tlic. diffrrenc*es in oxygen concentration on the surfaces of the specimen+ 
~1 t w  t~liiniriattd stanilard silver arrialgams tiid not corrode. 'lhis mas widerit 
Ijoth iri I he c.ipcrirnents ISith an oxygen-free NaC1 solution arid in the ex- 
I)vrirnents in w hich the specimens \%ere suspended in the gelatinized electrolytr 
iolutiotr. Wit I-i the latter rrietliod corrosion could be completely eliminated 
oiily if the surface of the specimen Mas without porosity, which was freqirentlv 
I I i ( .  c.asc; whcn local surface porosity was preient, corrosion (the depositing 
of corrosiori I m d n c t s ,  dissolution of the y z  phase) could be s h u n  t o  oc(wr. 

Thr, obser\ at ions descrihd indicate very strongly a galvanic coiroiion 
r c d t i n g  from differences in concentration of oxygen on the iiirfarr of 
I he sIwcirricms (( f. Jmgrnsrn, 1965). In the corrosion prore+ t h r  Imie 
wrfactx of the  specimens (nith a relatively low oxygen tvniion) forrns tht. 
.inode, M liile I he sick and top s ~ i r f ~ e s  form the cathode. 
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Fig. 4. Corrosion around voids on the side surface of an amalgam specimen made of zinc- 
free alloy. The yz phase is cornpletcly dissolved in the porous area. x 80. 

Thus the anode process is: Sn+ Sn-'-.'.+Ze- while the cathodc process 
must be: 2Hz0+0,+4e-+ 40H-. The combined corrosion process is Ihus: 
2% + 2H *O + 0 a 

The mercury released by the anodic corrosion has been the subject of an 
earlier study (Jmgensen, 1965). 

Metallographic examination of serial sections of amalgam. Theindividual 
photographs (Fig. 5) did not make it possible to decide to  what extent the 
y 2  grains anastomose. On the other hand, when a successive comparison 
%-as made of photographs of amalgam surfaces with differences in level of 
approx. 1 p, it was possible in the specimen containing most mercury to 
identify the individual y2  grains from level to level, and to demonstrate 
anastomosis in different levels among most y ,  grains (Fig. 6). A corresponding 
analysis was not possible in the specimen containing only 47 yo mercury 
because of the very small size of the y ,  grains here. 

A study of the structure of well-condensed specimens of the other standard 
brands containing relatively little mercury showed that the y s  grains in all 
cases were of similar small size as in the well-condensed specimen of True 
Dentalloy. The method described did not therefore make it possible to 
arrive at a general solution to the problem of the anastomosis of the y z  grains. 

2Sn + + + 40H-. 
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Fig. 
2 ,lf 

6. Drawing of the y2 phase from the same area as in Fig. Sh hut at a level approximately 
deeper. The drawing shows the number of the levels at intervals of approximately t / /  

at which the individual yz  grains anastomosed. x 200. 

A characteristic feature of the dissolution process was that it advanccd 
most rapidly on the side and top surfaces of the specimcns, i.e. on  the surfaces 
most accessible to the citri1t.e solution; there W ~ P  thus no evidence of an 
electrochemical process of h e  same nature as that found with NaCl solutions 
with i he formation of a concentration cell. No solid corrosion products were 
observed during the CiLriItc tests. 

In the spccimeris of Dispersalloy 400 the diagnosis of the y a  phase w-as 
less certain, and it was not therefore possible to provide absolute evidence 
of any dissolution. On the other harid, it was plainly seen that R reaction 
phase - presumably copper amalgam - which lay in the form of irregular 
rings on the amalgam’s Rg-Cu eutectic grains was dissolved in time to an 
increasing depth; at the same time the citrate solution became more and 
more blue in color. 

The rnean depth of dissolution of the y z  phase after a particular length 
of time varied only slightly from brand to brand. The rnean depth for all 
brands in each of the four aforementioned main groups was calculated for 
each of the five periods of time. The results are shown diagrammatically 
in Fig. 7 (curves A, B, C and D). 

In the case of Dispersalloy $00 the depth was measured of the dissolution 
of the copper amalgam phase (curve E). Only a small number of specimens 
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l'ig. 7. 'i'hc riwiin dcpth of dissolution of the yz  phase in  relation to the timc (in weeks) spent 
iii thc rotiiriin citratc soliition. A -1) represent the four main groups of arrialgarn. E :  ctcpth 
< ) I  tlissolution of the copper arnalpani phase in  Dispersalloy 1.00. 1:: depth of dissolution of 

the y z  phase in  brand no. 24 (high tin content). 
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considerably by employing alloys with a much lower content of tin than 
in the present standard amalgam alloys. It is riot advisable that the tin should 
be replaced by copper since this would introduce another, relatively easily 
corroding phase in the amalgam, as is the case in Dispersalloy 400 which 
has a tin content of 17 yo and a copper content of 12 Yo. On the other hand, 
the tin could no doubt to a great extent be replaced hy silver and/or palladium 
(cf. German patent no. 1215865). Substitution of large quantities of tin in a 
standard alloy by silver is generally regarded as an adverse step, one of the 
reasons heeing the consequent greater rate of expansion in the amalgam 
during setting. This factor has not however been clarified; it is not, for 
example, known to what extent an appropriate distribution of particle sizes 
can reduce expansion, or how great expansion can be without reducing the 
quality of the amalgam as a restorative material. 

The present study has verified in full Brecht-Bergen 8L Loehich’s observa- 
t ion that porosity in an amalgam considerably accelerates corrosion of the 
amalgani. The explanation to this is relatively simple since porosity permits 
the penetration of electrolytic solutions into the amalgam, thus increasing 
the contact area between these solutions and the y2  phase; oxygen tension 
is probably also particularly low at the bottom of the pores. It therefore 
appears clear that the amalgam must be made by a technic which produces 
minimum porosity. Such a technic is the so-called ))we[)) technic (J~rgensen, 
1967) the main characteristics of which are: (1) alloy aiid mercury are tritu- 
rated in a ratio that produces maximum ultimate strength (J~~rgensrn et u Z . ,  
1966, Figs. 1, 2 and 3) ,  arid e x e s  mercury is not expressed outside the 
cavity; (2) the amalgam is condensed carefully in the cavity, and the mercury 
is not removed until i t  forms a layer approximately l j4  mni deep above the 
condensed mass. Minimum porosity in the margins of occlusal fillings is 
obtained by (1) overfilling the cavity, (2) burnishing the margins in e w e s  
of amalgam from the filling out over the cavity margin, ant1 (3) by carving 
away the excess (J~rgensen 8L Saito, 1967). It should be added that a reduc- 
tion in porosity has a much greater effect on the strength of the amalgam 
than an equally high percentage reduction of the mercury content. 

SUMMARY 

The corrosion of silver amalgams must be regarded as a major - possibly 
the principal - cause of the failure of silver amalgarri fillings. This study 
has shown that the corrosion of dent a1 silver anialgams depends 0 1 1  differences 
in the oxygen tension on the surface of the amalgam, arid that porosity 
greatly accelerates corrosion. On the occurrence of corrosion, the yz  phase 
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Z t J  S.4 H h1 EN F A S S U N C: 

STHUKTCK UND K O R R O S I O N  RE1 IIENTALEN AhlA1.GAMEN 

Dir liorrosion voii Sil1)erarrialgarn ist ~ i l s  ei itlit:lie, vielleicht (lie 
w-eserit liclistc Ursac*he tlafiir ariziiseheii, d hcrarrialgarnfiillungeri 
versageii. Ilic vorlicgeiitlc Iliitersiic*hurig hat gezeigt, tiass die Korrosion 
dent alcr Sill~cranialgame Uriterscliietle in tler 0xygentc.nsioii ail der O h - -  
flHvhe dch Airialgarris voraiissetxt u r i t l  (lass Porosit iitcti tlie Korrosiori 
w-esctillirli 1)eschleiitiigen. Bei der #orrosiori Jcirtl die y,-Phase selekli\ 
aagegriffr.ri ; tlirse hi1 clel in allcti wohlkoriderisirrtcll Standarclamalgairieu 
eiri zusarrirrieriI.i~~iigeiitles N etz, weshall) sirh (lie Korrosiork iiicht auf tlic 
01)erfllirlic tles Amalgams h hrsnkt, soiiclcm fortse~xrn liarin, his all? 
y,-Pliase clestruiert, ist. 

sich \-crmutlicli tladiircli rrzieleri, (lass iiiaii 1)edeiiteiiclc Merigen des Zinns 
iii der lxgieriing cliirch Silher otler Pallatlirirn ersetzt ; die Miiglichkeiteri. 
class sich eiiic solche Arirleriing in cler Zrrsammensctzimg tler Legicrurie 
diirchfiilireii l k t  , ohtie aridere Eigenscl-iaften tles Arrialgarris x u  1-erringerii. 
erscliciiieii hisher ~iocl-i ungeklirt. Werclen grossere Merigen cles Zirins in 
dpr Tqierung diirc1i Kiipfer ersetzt , so erhiilt das Amalgam eineri bedcntm- 
den Geltalt an  liriiftig korrodiereriderri Kiipferamalgain. 

Da SOT+ oh1 tlie Korrosion als die Stiirlie tles Amalgairis voti tler Porositiit 
cks Ainalganis hecleutend ahhangiger sirid als vor i  seineni (~i~cclisilbergehall, 
ist eine i\rrialpairilecliriili vorzuziehen, die eine so gcringe Porositiit wic 
miiplich lre\+.irl<t (niia 

eriulg tler l<orrosiotisverh~~ltiii (lea Sillrerainalgairis 1 

)) Tec:hnik, Cliitten vori oliklrisalen T\;;mten). 
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