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Following a previous study on the influence of the size of silver particles used in dental alloys 
on the conditions for the attainment of thermodynamic equilibrium, results are presented on the 
influence of the particle shape factor. Calorimetric results obtained using different particle forms 
are compared with those derived from a mathematical model in which it is considered that silver 
particles can assume a spherical or cylindrical (flat or narrow) shape. It appears that the thermal 
effects obtained by computation are closer to those obtained by calorimetric experimentation 
when the sphere of the model is transformed into either a disc or a rod. 

For some time now, various research projects have been undertaken in order to 
improve the clinical behaviour of the most commonly used dental amalgams [1, 2]. 
In the alloy powders, the Cu percentage has been increased, and the spherical 
particles have been introduced. With regard to the latter, we have started a 
fundamental study to determine the influence of the particle shape on the 
amalgamation reaction. In dentistry, the choice of the calorimetric method was 
quite new [3, 4], and we first had to limit our measurements to the simple binary 
Ag/Hg system. For the Ag/Hg system, reproducibil#ty difficulties appeared when we 
tried to determine the excess enthalpy values [5]. For example, the mass thermal 
effect varies with the origin and size of the silver particle [6]. In a previous paper [7], 
we compared experimental results obtained by calorimetry with the numerical 
results relating to a theoretical model taking into account the size of the silver 
grains, considered as spherical with an initial radius Ro. In this way, we were able to 
determine a critical initial radius Rot = 7 ~tm, which allowed as to differentiate two 
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groups of particles: small particles, which could be completely amalgamated, and 
large particles, which could not, whatever the initial Hg quantities used. 

For the latter, we defined a domain of pseudosaturation, which thermodynamic 
equilibrium cannot be attained in the time considered for the calorimetric 
measurements. The extent of this domain increases when the initial radius Ro is 
increased. By experimentation, it was seen [6] that the ~-phase behaviour for the 
initial stages of the reaction is such that: 

1. the expansion of the ~,-phase layer is limited to a value e* = 10 pm; 
2. the ~-phase dissolution in the Hg excess cannot be detected calorimetrically. 
Thus, we saw how particle size is a factor in the appearance of this domain. Photo 

1 depicts the silver particles used for the measurement. The grain shape seems 
cylindrical rather than spherical. In the present study, we have used the same 
methodology (calorimetric/theoretical results) to study the influence of the particle 
form factor on the existence of this domain. 

Materials and methods 

Calorimetric experimentation 

A Seteram C.R.M.T. calorimeter was .used. Ag (Lyon-Allemand) powder washed 
in 10 vol% H2NO a solution and cleaned Hg (Prolabo-Hg, washed 4 times by 
allowing it to fall in drops through a 3 vol% H2SO4 solution) were placed in a 
divided cell (Fig. 1), and brought into contact once thei-mal equilibrium had been 
reached (25~ Ag-Hg reaction is endothermic, and the shape of the 
thermogramm obtained, in terms of time, shows a rapid decrease in reactivity, 
characterizing an incomplete reaction. 
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Fig. 1 Divided calorimetric cell. (The stopper is withdrawn once thermodynamic equilibrium is reached. 
The glass ball is used to check the Hg flow.) 
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Models 

Following the first experimental results, which showed the influence of the-size, 
origin and surface state of the silver particles on the recorded thermal effects, we 
conducted complementary investigations (M.E.B. measurements, electron micro: 
probe analysis, calorimetric examination). Thus, Photo 1 shows a silver particle 
after its Hg reaction for a given mass ratio (0 = mn~lmA~). 

Photo 1 Microprobe examination of an amalgamated particle after a 3-0 reaction. The variation of the 
relative [Hg] is represented by the graph above the median line. The points of the analysis are 
represented on this line. The particle comprises a residual silver core and a peripheral 7-phase 
layer 
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Fig. 2 The Ag-Hg phase diagram [8, 9] 
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Two concentric layers can be differentiated. The microprobe analyser gave the 
composition of each: residual pure Ag in the core, and a y-phase layer surrounding 
it, with a thickness of about 10 p.m. It may be noted that, for a given time, during 
which no particular thermal effect is detectable, we did not observe the results 
predicted from the Ag/Hg phase diagram (Fig. 2). 

Consequently, we elaborated a theoretical model by formulating the following 
hypothesis: whatever the relative mass ratio may be, the 7-phase is the only one that 
forms spontaneously, and its growth towards the Ag core is limited to a thickness 
e=e  * of about 10 p.m. 

Sphere model 

The complementary experimentation and the above hypothesis enabled us to 
elaborate a preliminary model, taking into consideration spherical silver particles 
with an initial radius R o (Fig. 3). 
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Fig. 3 Spherem~de~:the~retica~therma~e~ectsvs.rati~f~rdi~erentva~ues~fR~.Thestruct"re~fthe 
particles is represented at the bot tom of  this diagram for each domain.  For  R o ~< Roc : whe~-0 

increases, with 0~< 0 ~', there are only domains  ! and I!I. For  R o > Ro~ : When 0 increases, with 
0 ~ 0  L, there are then three domains.  Domain  Ii increases with R o, which restricts domains  I 

and III 
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Depending of the Ro value, after reaction we can have either a completely 
amalgamated particle with radius R, or a partially amalgamated particle, where the 
residual silver core has radius RAg. 

Depending on the 0 value, the reaction products can be as follows: 

Domain I: Ag + 7 

This is a domain of unsaturation. When 0 increases, the y-phase layer grows. 
Finally, the upper limit of  the domain is reached when the silver core disappears. At 
this point, if Ro ~<Roc, then 0 = 0 r = 2.367; if Ro >Roc, then 0 = 0* < 0 r. 

Domain II: Ag + ~, + L 

This is a domain of  pseudosaturation, and it appears only with the particles for 
which R o > Ro~. At the 0= 0* value, each particle seems to be amalgamated, but 
there is a residual silver core; and when 0 > 0", an Hg excess appears. The y-phase 
layer has thickness e*. In domain II when 0 increases, the silver core becomes 
smaller as a consequence of two simultaneous phenomena: 

(a) y-phase dissolution at the grain boundary, 
(b) y-phase formation at the periphery of  the Ag-core. Domain II ends at the 

0 ~/m value, when the pure Ag core disappears. 

Domain III: 7 + L 

At 0 = 0 r (for Ro ~< Ro~) and 0 = 0 n/HI (for Ro > R0~), the particles are completely 
amalgamated. With further increase in 0, the Hg-saturated phase appears, 
following dissolution of  the y-phase in the Hg excess. 

Domain  IV: 1 

This appears when the y-phase particle is completely dissolved. 
It is characterized by an unsaturated Hg solution (1-phase)which results from 

dilution of  the L-phase. 

Cylinder model 

So as to introduce the shape factor (Go = 2Ro/L o), we considered the case of  
cylindrical particles (with radius R o and length L o) closer to the profile of  the silver 
grain we had available. The theoretical development will be published in a future 
paper. 

We can classify the cylinder shapes as follows: 
When 0 < Go < 1, we have rods. 
When 1 < 4o < oo we have dics. 

If 4o = 1, we have "cuboids" with 2R o = L o. 
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Critical initial dimensions 

As with the sphere model, we can define the critical initial dimensions as being 
those of a cylinder for which, when e = e*, 0 = 0* = 0L If any given cylindrical 
particle is taken with characteristic dimensions Pd (smaller dimension) and Gd 
(larger dimension), it can be stated that it is the growth of the ?-phase in the 
direction of the small dimension which determines the disappearance of the residual 
Ag core. 

The critical dimension (P~c) value is calculated as follows: 
For the rods: Pd = 2Ro and Pdc = 2Ro~, with: 

Roc2+2~ (e') ~ ~,, ( 2 e " ~ =  0 
- ~ o  R o , -  ~-- (e*) z ] + L o ,/ 

For the discs: Pa = L o and Pdc = L oc, with: 

e* [ 2 e * ~ (  e * ) ]  
,x 1+ To" 1+ Loc+ 

(e*) 2 e* "~ 2 
: 0  + 4 

For the "cuboid", Pd = Gd. The relationship turns out to be the same as for the 
spheres: 

Ro~ = e* ~/~//~ = 7 lam 

where at and//are specific parameters for the Ag/Hg system. It can be seen that, for 
all cylinders where r ~ 1, the value of Pe~ is a function of Ge. These functions are 
represented in (Fig. 4). 
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Fig. 4 Cylinder model: The cylinders (rods or discs) whose P~ value varies in the area bounded by the 
P4c = f (Gd)  curve cannot be completely amalgamated at 0< 0 n/m 
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Results 

A knowledge of the correlations between P~c and Gd theoretically allows 
specification of the conditions for attainment of thermodynamic equilibrium. As 
with the sphere model, we can consider the Hg reaction with the Ag cylinders in 
domains I-IV. For each, the model provides a knowledge of: 

The geometry of the particle 

This is expressed by using reduced variables: 

RAg R L Ag L 

x .... R0 Y=To " -  Lo V-Lo  

with R and L as the radius and length of the cylinder after reaction, and RA~ and 
L AS as the radius and length of the residual Ag core. 

Introduction of an isotropic constraint leads to the relations: 

u = 1-~o+~oX 

v = 1 -~o+~oy  

which added to the mass balances, yields the functions x(O), y(O), u(O) and v(O). 
For example, in the domain of pseudosaturation, x is the solution of the 

following equation: 

r 1 - ~Jo e* 

#l--__aO { e * 2 , F f e  " ,  _~o~O]} 
with a and ? as specific parameters of the AI /HI  binary. 

The masses of the different phases formed 

These are expressecl with the reduced variables ur = mr~mAw uL = mL/mAs and 
UAg = m~A~JmAS, with m~, s the Ag mass in the residual core. 

These masses are functions of x, y, u and v, and they are obtained by using mass 
balance and geometrical considerations. 
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For example, in domain II, we have: 

Uy "~" ~ [y2V --  X2U] 
QAg 

#~g = ux 2 

1 -  ~ - ~: 0 - # ~  ~Ag f l y 0 ~ 2  __  

with 

MHg gHg 
~ = x~f" M~ ' ~ = x ~ ' - M  z 

and 

MAg MAg 
7 - - ,  

M r ML 

where x~ is the molar fraction of i in a given @-phase. 

The thermal effects 

Mass quantities (for one-Ag-gr are used for these. We have: 
QAg for the overall thermal effect, 
Q~,g and Q ~  for the contributions of the y and L-phases to QA~. 
Then, 

with 

QA, = 0 ,+0L 

h E 

= " ~  and Q ~ g = # L M L  Q~,g #r Mr 

To summarize after the development of the expressions of these different 
functions for each domain, it appears that, with this model, thermodynamic 
equilibrium can possibly take place: 

(1) if 0~>0 r for particles with Pd<<.Pdc; 
(2) if 0 > 0 "/m for particles with Pa > Pdc. 
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Experimental value 
o 17.5 <Ro<40.Opm 
�9 40.0 <Ro<62.5/am 
o 62.5 < Ro< 80.O~m 

It!" ; :o 
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Fig. 5 The theoretical thermal effects have been calculated for spherica! particles with a theoretical 
radius Ro, which is comparable to the mean radius of the silver particles used for the calorimetric 
experimentation (R o = 51.25 pro). The theoretical results are larger than the experimental ones. 
In the same way, th~ thermal effects have been calculated for cylindrical particles (rods and discs) 
where the small dimension is equal to the radius of the sphere. The theoretical and experimental 
results coincide better, particularly in the case of the rods 

Results and discussions 

Figure 5 illustrates the changes in the experimental and theoretical thermal effects 
as the mass ratie varies. We can see that: 

(1) For the experimental method, the reaction becomes less complete when the 
particle size increases. 

(2) The experimental values are noticeably lower than the theoretical ones 
calculated for spherical particles (S) 

(3) When the shape factor (I: discs, A: rods) is taken into account, the 
theoretical values are closer to the experimental v~iues. Thus, it appears that when 
one of their dimensions (Pd) is equal to the radius sphere, such discs or rods would 
give less complete reactions than observed with spheres. (In this case Pdc decreases 
as Ga increases.) 

(4) After M.E.B. observations (Photo 2), it may be noted that the silver grains 
used for the calorimetric experimentation present various shapes and sizes, even ina 
given granulometry group. For a numerical simulation we considered 3 groups of 
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Photo 2 M.E.B. examination of  electrolytic silver paracles used for ca lonmetnc experimentation. 
(1) The manufacturer indicated a powder particle size range of  35 ~tm to 80 ~tm. The actual 
range is wider, since many grains are larger than 80 lim. (2) A certain heterogeneity is also 
apparent:  the grain shape, tended more towards a cylindrical than a spherical form 

~v ~L 

Fig. 6 Correlation of the mass of  the v-phase formed vs. the 0 increase. Spherical (S) or cylindrical (A, D) 
particles could have come from a 50 ~tm--mesh sifting. The 0--scale is not respected (0 r = 2.367 
and 0 z = 2511). The spherical particles give a more complete reaction 

Ag powders (spheres, discs and rods) which could have come from a 50 ~tm mesh 
sifting. (In Fig. 6, in which the scale of the 0 values is not respected, we have 
represented the changes in the y-phase quantities formed with increase in ~. 

Conclusion 

It can be concluded that the heterogeneity of the shape and size of the Ag particles 
can be an important parameter in the dispersion of the experimental values for the 
thermal effect. 
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In fact, this study, which was primarily conducted for dental resqarch; 
demonstrates how the calorimetric determination of excess enthalpies can be 
difficult for all metal powder/liquid systems. However, it allowed quantitative 
specification of the conditions for attainment of thermodynamic equilibrium, 
particularly for the Ag/Hg system. 

In dentistry, this study will lead to calorimetric experiments at 50 ~ (for Ag-Hg), 
and to application of this method to the compound systems (Sn/Cu/Hg) used for 
dental amalgams. 
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Z m n f a s s n n g  - -  Nach einer vorangehenden Untersuchung fiber den EinfluB der Gr6Be von fiir 
Dentallegierungen verwendeten Silberteilchen auf die Bedingungen zum Erreichen des thermodynami- 
schen Gleichgewichtes wird nun fiber den EinfluB der Teilchenform berichtet. Dabei wcrden 
kalorimetrische Ergebnisse von verschiedenen Teilchenformen mit denen verglichen, die man mittels 
eines mathematischen Modelles erhielt, bei dem angenommen wird, dal~ die Silberteilchen in Kugel- 
oder Zylinderform (flach oder schmal) zugegen sind. Es zeigte sich, dab man sich bei den errechneten 
Werten ffir die thermischen Effekte der kalorimetrisch bestimmten Werten besser n/ihert, wenn die 
Kugeln im Modell dutch Ansteigen der einen Dimension in Scheiben oder St/ibchen ausarten. 

Pe3mMe - -  Hpo~o~xag paHee npOBe~IeHHOe HCC~e~IOBaHHe, Kaca~omeecg BYIHgHHg pa3MepOB qacTnU 
cepe6pa a 3y6HblX r ~qfl ~OCTtIXeHH~ TepMOI1HHaMHqeCKOFO paBnoaecHg, aBTOpbI upeRcTaeR~qn 
pe3y~STaTbl, racammneca aananaa dpopMbl ,tacTaU cepe6pa. Ka.aopnMeTpn,Iecgne aaMepenna 
paaanai~ux dpopM qacTnlI 6bLlIn corloCTaBJIeHbl C TagoBbIMH, ablBejIeHnhIMn Ha ocnoBe 
MaTeMaTnqecKofi Mo~le21n, a KOTOpOfi npezmoJIaraJiocb, qTO qacTnIlbl cepe6pa MoryT 6blTb 
cdpepu,~ecro~ nan Un.ann,apn~lecrofi dpopM. Ka)KeTCa OqeBrl~anblM, ttTO 3naqenn~ BlaltlHC2IeHHbIX 
TepMnqecrnx ~btlgeKTOB aB2IflIOTC~I 6o~ee 6Oln3rnMn g TaroabIM, no~iyqenm, iM ga.aopH~TpnqecrI, IM 
MeTO~OM, F~le c~bep~i,iecra~ Moaeab npe~icTaa~ena yBe.rlnqeHHeM O~HOFO n3 pa3Mepoa xpyra man 
cTepXH~I. 
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