
INTRODUCTION
Cor ro sion re sis tance is one of the most im por tant fea -

tures of pros thetic al loys. The cor ro sion pro cesses
oc cur ring in pros thetic al loys have nega tive im pact on
their du ra bil ity as well as harm ful ef fect on the hu man or -
gan ism [7].

Post pro cess ma te ri als are used for re cast ing pro cesses
[13] in den tal labo ra to ries not only in case of no ble met als
al loys but also in case of co balt al loys. From ref er ences
[1,13], it ap pears that the prop er ties of re casted al loy may
dif fer from the prop er ties of a new al loy pur chased by the
manu fac turer. The dif fer ences may be as so ci ated with its
chemi cal com po si tion, casta bil ity as well as with me -
chani cal prop er ties. How ever, the opin ions con cern ing
changes of me chani cal prop er ties as a re sult of re cast ing
are ex tremely di vided. Some authors [1] state that these
prop er ties can in crease or de crease com pared with the
new al loy [13]. How ever, there are ex peri men tal stud ies
de scribed in lit era ture [9] which docu mented changed

chemi cal com po si tion of fi nal prod ucts un der the
in flu ence of suc ces sive re cast ing pro cesses and de vel op -
ment of new phases de ter min ing the changes in al loy
prop er ties. The de te rio ra tion in the scope of cor ro sion
prop er ties [3] or even cy to tox ic ity [2] is also pos si ble af ter 
mul ti ple re cast ing.

The im pact of Co–Cr al loy re cast ing on its physi cal and 
chemi cal prop er ties was in ves ti gated by Har court [4]. Its
chemi cal analy sis was car ried out be fore the first re cast -
ing and af ter one, six, nine and thir teen re cast ing
pro cesses. The ob tained re sults im ply that casta bil ity is re -
duced and re cast ing pro cess is more dif fi cult as a re sult of
changes in chemi cal com po si tion af ter re cast ing [1].

How ever, Shef fick [12] found that the be hav iour of
Co–Cr and Ni–Cr al loys was less fa vour able than the be -
hav iour of type III gold and that this be hav iour was
non con form ing with re cast ing pro ce dures in the scope of
chemi cal com po si tion. Fur ther more, Shef fick con cluded
that the first re cast ing pro cess for these al loys should be
car ried out with the ad di tion 50% of new al loy (w/w) in
or der to im prove casta bil ity and per cent age con tent of in -
di vid ual ele ments in these al loys [1]. Kha mis and Sed dik
[6] in ves ti gated the im pact of re cast ing (up to 4 times) on
cor ro sion prop er ties of Ni–Cr and Co–Cr tech ni cal den tal
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al loys. They found that there was no ef fect of suc ces sive
re cast ing on cor ro sion re sis tance of Co and Mo con tain ing 
al loy. 

The pur pose of the pres ent study was to evalu ate the ef -
fect of ad di tion of remelted ma te ri als on mi cro struc ture,
chemi cal com po si tion and cor ro sion re sis tance of CoCr -
MoW al loy.

MA TE RIAL AND METH ODS
Re ma nium 2001 den tal al loy (Den tau rum, Ger many)

with co balt ma trix con sist ing of 63% Co, 23% Cr, 7,3%
Mo, 4,3% W, 1,6% Si and Mn% and N% (w/w in ac cor -
dance with data fur nished by the manu fac turer) has been
used in tests. This al loy is used for cast ing of den ture ele -
ments (among oth ers crowns and bridges). Three groups
of iden ti cal den tal al loys have been pre pared in or der to
simu late stan dard ap pli ca tions used in den tal labo ra to ries.
The first group was cast in 100% from brand new al loy as
a con trol group (R1). The other groups were made of 50%
brand new al loy and 50% rem nants from the pre vi ous
group (tab. 1). The sec ond group (R2) was cast as the mix -
ture of equal amounts of the new al loy and the al loy af ter
pre vi ous re cast ing. The al loy used in the third group (R3)
was pre pared by add ing new al loy and 50% rem nants
from sec ond group (R2).

Ta ble 1. Dif fer ent re cast al loy groups used in this study
Groups Procedure
Control group (R1) Cast from 100% new alloy

Cast once (R2) Cast from 50% new alloy and 50% remnants from
first group

Cast twice (R3) Cast from 50% new alloy and 50% remnants from
second group

The pro cess as so ci ated with prepa ra tion of speci mens
made of Re ma nium 2001 al loy was car ried out un der con -
di tions pre vail ing in the pro fes sional pros thetic den tal
labo ra tory in ac cor dance with pro ce dures ap plied in pro -
duc tion of metal den ture ele ments. The cast ings were
pro duced in in vest ment cast ing pro cess by means of
vacuum – pres sure cast ing ma chine Nau til ius (Bego,
Germany) and ce ramic cru ci bles.

The speci mens used for in ves ti ga tion of chemi cal com -
po si tion were made as the discs with di ame ter of Ř 25 mm 
and thick ness of 2 mm. The discs were sub jected to grind -
ing by means of wa ter abra sive pa pers with grain size of
220, 600 and 1200 cor re spond ingly. Af ter grind ing, the
speci mens were me chani cally pol ished by means of dia -
mond par ti cles sus pen sion 3 m and sil ica ox ides par ti cles
sus pen sion 0.05m as well as washed in ace tone and dried
there af ter.

The analy sis of chemi cal com po si tion was per formed
by means of Q4 Tas man 130spark emis sion spec trome ter
(Bruker, Ger many) in de tail Co130 test ing chan nel used
to com plete five (5) analy ses (spark ing se quences) for
each speci men.

Sus cep ti bil ity to cor ro sion was de ter mined for tested
ma te ri als by means of ac cel er ated elec tro chemi cal tests
us ing po ten tio dy namic method. The prepa ra tion of the
sur face of speci mens (cuboids with di men sions of
10×10×2 mm) for cor ro sion tests was iden ti cal to the
prepa ra tion for analy sis of chemi cal com po si tion. The po -
ten tio dy namic meas ure ments were car ried out in ar ti fi cial 
sa liva so lu tion (pH=5.3), at tem pera ture 37C, by means
of At las 0531 set dedi cated for cor ro sion tests. The com -
po si tion of ar ti fi cial sa liva was pre pared on the ba sis of
ISO 10271:2001 stan dard: 0.4g NaCl, 0.4g KCl, 0.795g
CaCl2·H2O, 0.78g NaH2PO4·H2O, 0.005g Na2S·9H2O, 1g
of urea and 1000 ml H2O. The tests were car ried out in
elec tro chemi cal cell with three elec trodes, with con trol
elec trode made of plati num and with ref er ence elec trode
in the form of calo mel elec trode (SCE) placed in Lug in’s
cap il lary filled with ar ti fi cial sa liva so lu tion. The sur face
area of elec trode un der test was equal to 1cm2. The value
of open cir cuit po ten tial (Eocp) with out ex ter nal po lari za -
tion was re corded dur ing the pe riod of 18 h. Af ter de ter-
mi na tion of Eocp po lari za tion curves were re corded with
auto matic scan ning po ten tial at 1 mV/s from –400 mV to
+700 mV. The den sity of cor ro sion cur rents icorr and po -
ten tials Ecorr were de ter mined from Tafel curves us ing
po ten tio dy namic curves analy sis with At la sLab pro gram.
The sur face struc ture of tested ma te ri als af ter com pletion
of cor ro sion tests was evalu ated by means of Phe nom G2
pro desk top scan ning mi cro scope.

RE SEARCH METH OD OL OGY 
AND DIS CUS SION 

The mi cro struc ture of tested cast al loys is char ac ter -
ized by typi cal coarse grained den dritic struc ture (Fig. 1).
Den dritic seg re ga tion ar eas were de tected within cristal -
ites as well as con tinu ous pri mary pre cipi ta tions in
in ter den dritic spaces and along bounda ries of cristal ites.
The mi cro struc ture of cast ings con tain ing remelted ma te -
rial is simi lar to mi cro struc ture of brand new cast ings.
There were no in clu sions, which could origi nate from
charge con tami na tion in the form of the in vest ment ma te -
rial. Fur ther more, di ver si fied shape of car bides was
re vealed in the course of SEM analy sis. The car bide
phases are char ac ter ized by dual struc ture i.e. oc cur ring in 
the form of blocky pre cipi ta tions as well as la mel lar pre -
cipi ta tions („pear litic type”). In the opin ion of some
authors [10], the la mel lar struc ture of car bides is caused
by cool ing rate varia tion be tween 8 and 16C/min; 35C/
min [16] is the maxi mum cool ing rate for the crea tion of
eutec toid phase [11]. Dis per sion car bide pre cipi ta tions
may have im pact on in creased re in force ment of an al loy
and its re duced plas tic ity. 

From the chemi cal composi tion analy sis in micro-
 areas (Fig. 2) it ap pears that car bides are char ac ter ized by
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high Mo and Cr con tent. XRD tests [14] dem on strated the
co ex is tence of car bides in ex am ined al loys, mainly
Cr23C6, Cr7C3 and Cr3C2, caus ing the re in force ment of
solid co balt so lu tion.

The changes in chemical composition of materials
under test are illustrated in Tab. 2. It should be em pha-
sized that there is information about elements con cen tra-
tions under 1% indicated in manufacturer’s data. It is
extremely important to control the content of carbon,
which occurs in various amounts and reacts with alloy
components creating carbides depositing on grains
boundaries. The carbon content for R1 and R2 groups is
similar and similar alloy reinforcement can be expected.
However, a significant change in carbon concentration
has been denoted in remelted materials from R3 group
which may result in increased hardness of alloy. The
carbon content within 0.059÷0.073% indicates that
materials under analysis belong to low carbon alloys
group.

The elec tro chemi cal cor ro sion be hav iour of Co-Cr
den tal cast ing al loys de pends mainly on Cr and Mo con -
tents in an al loy. The con tent of mo lyb de num is less
im por tant than chro mium con tent in an al loy. How ever, in 
case of lower Mo con tent, the al loy is more sus cep ti ble to
pit ting cor ro sion. Hodg soni et al. [5] in di cate that pas sive
layer on Co- Cr al loys pre domi nantly con sists of chro -
mium ox ides. The cor ro sion re sis tance of Co- Cr al loys
var ies de pend ing on their chemi cal com po si tion and on
the uni form ity of cre ated pas sive layer. The dif fer ences in
mi cro struc ture may af fect the ini tial growth, den sity and
uni form ity of this pas sive layer. The thick ness of pas sive
layer spon ta ne ously de vel op ing on Co- Cr al loys may
reach 1÷4nm and it con tains mainly chro mium ox ide
(Cr2O3) and in sig nifi cant per cent ages of co balt and mo -
lyb de num ox ides [8]. Higher con tents of Cr2O3 and MoO3

in pas sive layer may lead to in creased re sis tance to metal
ions mi gra tion through the pas sive layer. Based on free
cor ro sion po ten tial curves (open cir cuit poten tial Eocp)
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Fig. 1. SEM microstructure castings: (a) control sample R1, (b) recast R2, (c) recast R3

Fig. 2. Representative SEM microstructure of the as-cast Remanium 2001 and chemical composition maps of selected elements: (a)
field of view, (b) maps of Co and Mo, (c) maps of Cr and Co, (d) maps Cr and Mo, legend colors: Mo – red, Co – blue, Cr green

Ta ble 2. Chemi cal com po si tion of al loys test (only the main ele ments in cluded) [wt. %]
Groups C Co Cr Mo W Si Mn N
R1 0.059 62.77 22.86   8.426 ~4.299   1.136 0.152  0.192
Sd. 0.0076 0.111 0.125   0.085   0.034   0.013 0.0020 0.052
R2 0.060 62.52 22.84 ~8.570 ~4.320 ~1.221 0.153  0.203
Sd. 0.0038 0.150 0.403   0.221 –   0.028 0.0022 0.071
R3 0.073 63.23 22.05   8.435 ~4.315   1.199 0.146  0.184
Sd. 0.017 0.904 1.230   0.085   0.011   0.047 0.014  0.057

According to
manufacturer – 63 23 7.3 4,3 1,6 <1 <1



(Fig. 3a) it may be con cluded that bio ma te ri als un der tests
are char ac ter ized by very good cor ro sion re sis tance. The
curves open cir cuit po ten tial vs. time re flect the pas sive
and sta ble state (open cir cuit po ten tial vs. time main tain -
ing a con stant level) in metal and in pas sive layer in
cor ro sive so lu tion en vi ron ment on the sur face of ma te ri -
als un der tests. The sta bi li za tion of cor ro sion po ten tial can 
be seen af ter meas ure ment time of about 1200 s. The high -
est val ues of Eocp have been re corded for R1 al loy whereas
R2>R3. In creased val ues of open cir cuit po ten tial (Eocp)
may re flect bet ter pas si va tion of tested ma te rial and
higher gen eral cor ro sion re sis tance.

The value of cor ro sion cur rent den sity (Fig. 3b) is used
in elec tro chemi cal tests as the meas ure of cor ro sion pro -
cess in ten sity. The lower is the value of cor ro sion cur rent
den sity, the higher  the cor ro sion re sis tance. R1 speci men
with out any ad di tives of re cy cled ma te rial (Tab. 3) is char -
ac ter ized by the high est cor ro sion re sis tance in our tests.
The cor ro sion re sis tance of three base met als al loys is as
fol lows: R1>R3>R2. Such cor ro sion be hav iour may be
as so ci ated with the open cir cuit po ten tial, be cause cor ro -
sion po ten tial in R3 al loy moves to wards more posi tive
val ues in com pari son with R2 al loy be cause of the for ma -
tion of pas sive lay ers con sist ing of chro mium ox ides that
pro tect the sur face and lead to the re duc tion of cor ro sion
cur rent den sity icorr in R3 al loy.

Ta ble 3. Cor ro sion pa rame ters in ar ti fi cial sa liva
Groups Ecorr (V) icorr (A/cm2) Rpol (·cm2)

R1   -39.511·10-3   81.091·10-9 529.321·103

R2 -163.440·10-3 821.005·10-9 134.360·103

R3 -118.960·10-3 480.425·10-9 115.240·103

According to data available in the literature [3] the
values of corrosion potential in the oral cavity are between 
–300 and +300 mV referred to saturated calomel
electrode. The rate of corrosion is reduced at this potential 
as a result of the formation of protective oxide layer on the 

surface and its further development. Irrespective of
deteriorated corrosion resistance of R2 and R3 in compa-
rison with R1 control group, it can be seen that elec tro-
chemical parameters obtained for these alloys are positive 
indicator of satisfactory corrosion resistance (potential
within the range between –300 and +300 mV) in artificial
saliva environment.

The carbides themselves are characterized by excellent 
corrosion resistance. During alloy solidification phase,
carbon reacts with chromium or molybdenum forming
carbides and devoiding the matrix of an element
responsible for the corrosion resistance (Fig. 4). Chromium 
depleted zones occur in direct vicinity of the carbide as
a re sult of this privileged chromium – carbon bond. These
zones constitute corrosion attack areas.

SUM MARY
SEM microstructure analysis demonstrated that

carbide phases in all alloys are characterized by dual
structure and occur in the form of massive precipitations
and lamellar precipitations. No significant differences
have been found in chemical composition of the groups of
tested alloys, except of carbon content in R3 group, which
is about 20% higher than in R1 and R2 groups. Elec tro-
chemical tests have demonstrated that the corrosion
resistance of three base metals alloys is as follows:
R1R3R2 and open circuit potential measured in artificial
saliva vs. SCE is included in the safe range between –300
and +300 mV. Chromium depleted zones in carbide vicinity
are the corrosion attack areas. It has been demonstrated
that new material should be used in casting, and if

previously casted material is used, it should be mixed with 
new material. It appears from electrochemical tests and
from chemical composition analysis that recasting
procedure may be safely used in dentistry and may reduce
the costs of CoCrMoW castings. The authors suggest
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Fig. 3. Representative electrochemical curves of recast Remanium 2001 in artificial saliva: (a) open circuit potential curves after 18 h
tests (b) the potentiodynamic polarization curves



investigating the effect of increased number of recasting
processes on the alloy properties.
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Fig. 4. SEM images of CoCrMoW alloy after polarization test: (a) control sample R1, (b) recasting R2, (c) recasting R3


